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Abstract 

The  performance  of  an  airborne  laser  terrain  mapper,  which  measures 
both  slant  range  and  reflectance,  depends  on  the  method  used  to  modulate 
the  output  power  of  the  laser.  This  study  analyzes  four  possible  modula- 
tion techniques  for  a direct-detection  scanner  which  utilizes  a semi- 
conductor laser. 

The  first  technique  Is  sinusoidal  modulation  of  the  laser  output. 
Range  performance  Is  found  to  Improve  as  the  frequency  of  the  modulating 
sinusoid  Is  Increased.  The  second  technique  modulates  the  laser  output 
with  a subcarrier  which  Is  a periodic  FM  chirp  pulse.  Range  performance 
Improves  as  the  frequency  deviation  of  the  chirp  Is  Increased.  However, 
this  also  Increases  the  required  detector  bandwidth.  The  third  technique 
modulates  the  laser  with  a subcarrier  which  Is  phase-modulated  by  a 
periodic  pseudonoise  (PN)  code.  Although  range  performance  Improves  as 
the  chip  width  of  the  code  is  dacrtsssed,  this  again  requires  Increased 
bandwidth.  The  final  technique  mot^ulates  the  laser  output  directly  with 
a PM  code,  the  output  being  either  on  or  off.  Range  performance  again 
depends  on  the  chip  width,  and  Improved  performance  again  requires  larger 
bandwldths.  Comparisons  of  these  techniques  shows  that  the  PN  on-off 
method  Is  preferred  If  sufficient  bandwidth  Is  available.  Two  configura- 
tions for  a multiple-source  scanner  are  also  proposed.  It  Is  shown  that 
both  the  sinusoid  and  the  PN  on-off  methods  are  compatible  with  such  a 
scanner. 
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AN  ANALYSIS  OF  MODULATION  TECHNIQUES  FOR  THE 
SIMULTANEOUS  MEASUREMENT  OF  RANGE  AND  REFLECTANCE 
INFORMATION  BY  AN  AIRBORNE  LASER  SCANNER 


I.  Introduction 


In  the  past  several  years,  an  airborne  laser  terrain  mapping  system 
which  Is  able  to  obtain  both  reflectance  and  range  Information  has  been 
developed  for  the  Air  Force  Avionics  Laboratory  by  the  Environmental 
Research  Institute  of  Michigan.  The  range  Information  obtained  by  this 
scanner  system  Is  combined  with  the  reflectance  Information  In  order  to 
provide  a three-dimensional  Image  of  the  scanned  surface.  With  proper 
processing  of  this  Image,  the  scanner  system  would  be  able  to  pick  out 
objects  or  targets  based  on  their  height  profiles  even  though  they  might 
blend  Into  the  surrounding  background  and  thus  not  be  readily  observable 
from  the  reflectance  Information  alone.  Thus,  such  a scanner  system 
could  conceivably  be  used  In  reconnaissance  applications  which  employ 
cueing  techniques. 

The  usefulness  and  accuracy  of  the  range  data  obtained  from  this 
system  depend  on  the  method  used  to  modulate  the  laser.  The  type  of 
modulation  used  In  the  present  system  Is  only  one  of  many  possible 
techniques.  Furthermore,  future  system  constraints  may  prevent  the 
present  technique  from  being  used  In  an  operational  system.  Therefore, 
the  purpose  of  this  thesis  Is  to  Investigate  other  methods  of  modulating 
the  laser  and  to  determine  the  estimation  performance  of  both  the  range 
and  the  reflectance  measurements  for  each  of  the  proposed  techniques. 
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Existing  System 
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The  existing  scanner  system  utilizes  a mode-locked  laser  as  the 
signal  source.  The  output  of  the  laser  consists  of  a series  of  pulses, 
each  pulse  approximately  one  nanosecond  In  duration  and  separated  In 
time  from  the  preceding  pulse  by  approximately  ten  nanoseconds.  This 
ten  nanosecond  separation,  which  corresponds  to  a pulse  repetition  rate 
of  100  Megahertz  (MHz) , Is  determined  by  the  physical  characteristics  of 
the  laser  cavity.  Since  the  laser  Is  mode-locked.  It  Is  able  to  generate 
very  high  levels  of  transmitted  peak  power,  much  higher  than  it  could  if 
It  were  operating  In  the  continuous-wave  (CW)  mode. 

The  output  of  the  laser  Is  swept  along  the  ground  perpendicular  to 
the  flight  path  of  the  aircraft  by  the  rotating  action  of  the  scanner 
(Fig  1,  below).  The  size  of  the  spot  on  the  ground  Illuminated  by  this 
laser  beam  Is  called  the  Instantaneous  field  of  view  (IFOV)  and  Is  equal 
to  one  mllllradlan  In  the  present  system.  For  an  aircraft  flying  at  an 
altitude  of  800  feet,  the  IFOV  would  thus  have  a diameter  of  0.8  feet. 


z 


of  the  laser  scanner 

Figure  1.  Basic  Geometry  of  the  Laser  Scanner  System 
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The  length  of  time  a point  on  the  ground  is  within  the  IFOV  is  called 
the  dwell  time.  Obviously,  this  dwell  time  depends  on  both  the  speed  of 
the  aircraft  and  its  altitude,  since  these  two  parameters  dictate  how 
fast  the  scanner  must  rotate  in  order  to  cover  the  entire  area  by 
sweeping  out  contiguous  strips  along  the  ground. 

The  backscattered  radiation  from  the  illuminated  ground  is  detected 
by  a power  detector  in  the  scanner  receiver,  where  it  is  converted  to  an 
electrical  current.  The  remaining  electronics  in  the  receiver  detects 
either  the  fundamental  frequency  of  the  pulse  train  or  one  of  the 
harmonics  and  measures  its  phase.  The  phase  difference  between  this 
received  signal  and  the  transmitted  signal  is  then  converted  to  the 
desired  range  estimate.  However,  as  with  any  system  that  utilizes 
periodic  modulation,  there  is  an  ambiguity  in  the  range  measurement  due 
to  this  periodicity.  For  this  system,  tracking  the  100  MHz  frequency 
results  in  an  ambiguity  interval  of  roughly  five  feet.  Tracking  a 
higher  harmonic  would  decrease  this  interval  even  more. 

Future  Constraints 

AlthqMgh  the  existing  system  is  ideal  for  developmental  purposes, 
it  may^  not  be  practical  for  use  in  an  operational  system.  Factors  such 
as  the  size  and  weight  of  the  present  laser  have  led  to  consideration 
of  semiconductor  lasers,  such  as  gallium  arsenide,  for  use  as  the  signal 
source.  Also,  no  matter  which  type  of  laser  is  used,  the  ambiguity 
interval  will  have  to  be  increased  so  that  it  is  at  least  as  long  as 
the  highest  target  which  is  of  Interest.  Finally,  the  scanner  system 
will  have  to  be  able  to  be  used  with  high  performance  aircraft.  This 
means  that  the  dwell  time  will  be  much  shorter  than  in  the  present  sys- 
tem. This  may  mean,  depending  on  the  desired  performance,  that  the 
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scanner  system  Itself  will  have  to  be  modified  so  that  It  consists  of 
several  laser  sources  Instead  of  just  one,  as  presently  configured. 

Thesis  Overview 

Due  to  the  consideration  being  given  to  semiconductor  lasers  as 
signal  sources  for  a scanner  system,  the  modulation  techniques  discussed 
In  this  thesis  will  be  based  on  a system  which  utilizes  semiconductor 
laser.  It  will  be  assumed  that  this  laser  Is  peak-power  limited;  that 
Is,  that  the  peak-power  output  of  the  laser  can  never  exceed  Its  CW 
value.  Although  a recent  study  has  Indicated  that  a semiconductor 
laser  may  not  be  peak-power  limited  as  previously  thought  (Ref  1:  6-14), 

the  validity  of  this  assumption  will  not  significantly  affect  the 
results  of  this  study.  Since  each  of  the  modulation  techniques 
analyzed  are  affected  Identically  by  this  assumption,  the  comparisons 
between  these  techniques  will  remain  the  same.  A power  detector  receiver, 
as  used  In  the  present  system,  will  also  be  assumed.  Because  of  this 
power  detector,  only  amplitude  variations  In  the  received  power  of  the 
laser  signal  will  be  able  to  be  detected.  Thus,  the  modulation  tech- 
niques analyzed  will  of  necessity  be  various  methods  of  amplitude- 
modulating  the  output  power  of  the  laser. 

This  report  will  begin  by  briefly  reviewing  the  parameter  estima- 
tion theory  which  will  be  used  In  analyzing  the  proposed  techniques. 

It  will  then  give  a detailed  description  of  the  four  different  modulation 
techniques  Investigated  and  an  analysis  of  each  technique  based  on  the 
previously-described  theory.  A discussion  of  the  ambiguity  Interval 
for  each  technique  will  also  be  provided,  as  well  as  a comparison  of  the 
Individual  methods.  Following  this  will  be  a brief  analysis  of  two 
possible  methods  of  setting  up  a multiple  source  scanner  system,  based 
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on  the  proposed  modulation  techniques.  The  report  will  conclude  with 
a brief  summary  of  the  basic  findings  of  the  study  and  several  recom- 
mendations for  future  work  In  this  area. 
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II.  Theoretical  Background 

In  order  to  accurately  analyze  the  modulation  techniques  to  be 
considered.  It  Is  necessary  to  make  use  of  several  concepts  from  para- 
meter estimation  theory.  In  particular,  the  equations  for  the  error 
variance  of  both  the  range  and  the  reflectance  estimates  will  be 
developed  In  this  chapter.  These  expressions  will  be  developed  for  the 
case,  of  a system  which  utilizes  a matched  filter  receiver  as  well  as  the 
case  of  a harmonic  tracking  system  (such  as  the  present  system) . The 
chapter  will  conclude  with  a discussion  of  both  the  range  resolution 
and  the  ambiguity  Interval  of  the  systems  to  be  analyzed. 

Matched  Filter  System 

The  necessary  equations  will  first  be  developed  for  the  case  of  a 
system  which  utilizes  a matched  filter  receiver.  Such  receivers  are 
commonly  used  In  modem  radar  systems  and  can  easily  be  adapted  for  use 
In  the  laser  scanner  system.  If  the  output  of  the  power  detector  Is 
passed  through  a filter  which  Is  matched  to  the  signal  which  modulates 
the  laser,  the  output  of  the  filter  Is  Just  the  time  autocorrelation 
function  of  the  signal  Itself  (Fig  2,  page  7).  This  time  autocorrela- 
tion function  can  be  found  from  the  equation 

T 

R(t)  - /s(t)s(t+T)dt  (1) 

0 

where  s(t)  Is  the  modulating  signal  and  T Is  Its  period.  Thus,  the 
peak  value  of  the  matched  filter  output  corresponds  to  the  value  of  the 
autocorrelation  function  evaluated  at  t equal  to  zero  and  Is  equal  to 
the  total  energy  In  the  received  signal.  Thus,  In  the  laser  scanner 
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system,  this  peak  amplitude  can  be  processed  In  order  to  obtain  the 
desired  reflectance  Information.  Further,  the  matched  filter  output 
signal  can  be  routed  through  a threshold  detector  which  Is  triggered 
when  the  signal  exceeds  a predetermined  level.  The  range  to  the  object 


can  then  be  easily  calculated  from  the  time  delay  Information  obtained 
from  this  detector. 

In  order  to  simplify  the  problem.  It  will  be  assumed  that  both 
range  and  reflectance  are  constant  In  a resolution  cell,  l.e..  In  the 
IFOV,  and  that  the  signal  has  been  reflected  by  a point  target.  Further- 
more, the  effects  of  the  spatial  filtering  operation  of  the  scanner  on 
the  transmitted  signal  will  be  Ignored.  Although  It  Is  not  expected 
that  these  effects  will  be  significant,  nevertheless,  this  Is  an  area 
of  further  study  which  should  be  accomplished  In  order  to  complement 
the  results  of  this  study. 

Range  Performance.  In  order  to  obtain  a measure  of  the  range  error 
variance  of  a matched  filter  system,  an  expression  known  as  the  Cramer- 
Rao  lower  bound  can  be  used.  This  bound,  when  applied  to  the  laser 
scanner  system,  gives  a theoretical  lower  bound  on  the  accuracy  of  the 
system.  Depending  on  the  slgnal-to-nolse  ratio  and  the  type  of  processing 


r 


f # 


used,  this  bound  can  actually  be  asymptotically  approached  in  many 
practical  cases  (Ref  2:  109).  Thus,  It  Is  a good  measure  to  use  both 
In  evaluating  a particular  system  and  In  comparing  several  different 
systems. 

The  receiver  model  to  be  used  In  applying  the  Cramer-Rao  bound  to 
the  laser  scanner  system  is  a simple  additive  noise  model  (Fig  3,  below). 
The  noise  process,  n(t).  Is  assumed  to  be  additive  white  Gaussian  noise 
with  a double-sided  power  spectral  density  of  N^/2  watts/Hz.  The  power 
detector  Is  divided  Into  two  separate  components.  The  first  component 
Is  the  power  converter,  which  has  a conversion  factor  of  R amps/watt  and 
which  transforms  the  received  optical  power  into  an  electrical  current. 
The  second  component  Is  the  filter  which  Is  Inherent  in  the  detector. 

The  filter  will  be  assumed  to  be  a low-pass  filter  with  a cutoff  fre- 
quency of  W Hz.  For  the  analysis  portion  of  this  study.  It  will  be 
assumed  that  W Is  Infinite.  However,  when  the  various  systems  are 
compared  to  each  other,  the  filtering  action  of  the  detector  Is  a 


n(t) 

Power  Converter 

Detector 

Filter 
W Hz 

Matched 

r vt/  ^ 

R amps/watt 

Filter 

Figure  3.  Receiver  Noiee  Model 


significant  parameter  in  determining  their  relative  i^rlta  and  thus  will 
be  taken  Into  account  at  that  time. 

In  an  actual  scanner  system,  the  aseumptlon  of  Gauealan  noise  may 
not  be  valid.  This  would  thus  Invalidate  uae  of  the  variance  aquation 
derived  from  the  Cramer-Rao  bowmd.  ■nwevar,  Ik  cam  be  showm  that  the 


range  error  variance  derived  using  a leading-edge  analysis  which  does 


not  require  the  Gaussian  assumption  results  In  an  expression  fairly 


close  to  the  lower  bound  provided  by  the  Cramer-Rao  method.  Thus,  the 


results  to  be  derived  can  be  applied  to  the  more  general  case  of  non' 


Gaussian  noise  with  very  little  modification.  This  general  case 


Includes  all  other  types  of  noise  statistics,  such  as  the  Poisson 


distribution  which  Is  characteristic  of  the  shot  noise  of  the  power 


detector.  Since  the  details  of  the  leading-edge  analysis  are  dependent 


on  the  particular  technique  being  analyzed,  calculation  of  the  variance 


derived  by  this  method  and  a comparison  of  these  variances  with  the 


Cramer-Rao  bounds  will  be  postponed  until  the  following  chapter 


Use  of  the  Cramer-Rao  bound  assumes  that  the  frequency  of  the 


received  modulating  signal,  l.e.,  the  signal  at  the  output  of  the  power 


detector,  la  known  exactly.  It  also  assumes  that  several  conditions  of 


regularity,  usually  adequately  approximated  In  practice,  are  met  by  the 


modulating  signal.  And,  finally,  although  the  derivation  of  the  bound 


does  not  require  a high  slgnal-to-nolse  ratio  (SNR)  In  the  received 


signal,  a high  SNR  (much  greater  than  one)  Is  required  for  this  bound 


to  be  approached  (Ref  2:  llS-119,  300) 


Application  of  the  Cramer-Rao  lower  bound  to  the  matched-filter 


receiver  results  In  an  error  variance  of  the  time  delay  measurement  which 


Is  given  by 


where  N /2  Is  the  double-sided  noise  spectral  density,  E Is  the  total 


energy  In  the  received  signal,  and  Is  the  mean-squared  bandwidth  of 


the  signal,  defined  as 


4it2  /f2|u(f)|2df 
«00 

^ |U(f)12df 


where  |u(f)|  Is  the  magnitude  of  the  frequency  spectrum  of  the  complex 
representation  of  the  signal  modulation  (Ref  2:  299,  300).  It  should 

be  noted  that  as  defined  above  Is  not  the  same  as  either  the  more 
commonly  used  noise  bandwidth  or  3 decibel  (db)  bandwidth,  and  must  be 
recalculated  for  each  different  type  of  signal  modulation  used. 

In  order  to  change  Eq  (2)  to  a range  error  variance,  the  relation 


2r  » cT 


Is  used,  where  r Is  the  slant  range  from  the  sensor  to  the  target,  c Is 
the  speed  of  light,  and  t Is  the  time  delay.  Thus,  the  lower  bound  of 
the  range  error  variance  becomes 


As  can  be  seen  from  Eq  (S)  the  range  error  variance  of  a matched  filter 
system  can  be  decreased,  thus  increasing  the  accuracy,  by  either 
Increasing  the  energy  of  the  received  signal  or  by  increasing  its  mean- 
squared  bandwidth. 

One  more  point  should  be  made  concerning  this  measure  of  range 
error;  that  is.  It  assumes  that  the  output  of  the  matched  filter  has 
only  one  main  lobe,  and  it  computes  the  error  bound  based  on  noise 
perturbations  of  this  lobe  (Fig  4,  page  11).  In  reality,  since  the 
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Figure  5 


Typical  Output  of  a Matched  Filter 


filter  output  Is  Just  the  time  autocorrelation  function  of  the  modulat 


Ing  signal.  It  may  have  one  main  lobe  as  well  as  several  sldelobes 


depending  upon  the  particular  signal  being  used  (Fig  5,  above).  Depend' 
Ing  on  the  amplitude  of  these  sldelobes,  a burst  of  noise  could 


conceivably  cause  the  amplitude  of  one  of  these  sldelobes  to  exceed  the 


detection  threshold  of  the  receiver,  thus  causing  an  additional  error  In 


the  time  delay  measurement.  This  Is  the  problem  of  global  accuracy 
versus  local  accuracy  which  Is  discussed  In  the  literature  (Ref  3:  294' 


307).  Thus,  an  additional  qualitative  consideration  that  should  be 


taken  Into  account  when  analysing  a modulation  technique  Is  the  ampll' 


tude  of  the  sldelobes  of  the  autocorrelation  function.  Obviously,  low 


sldelobes  are  more  desirable  than  higher  ones 


Reflectance  Performance.  The  other  performance  measure  of  Interest 


Is  that  of  the  error  variance  of  the  reflectance  estimate.  As  mentioned 

previously,  the  reflectance  can  be  estimated  from  the  peak  value  of  the 

matched  filter  output.  In  particular,  the  reflectance  estimate  can  be 

obtained  by  maximum- likelihood  processing  of  the  received  signal.  For 

analysis  purposes,  a typical  maxlmum-llkellhood  processor  consists  of  a 

matched  filter,  a sampler,  and  an  attenuator  whose  gain  Is  Inversely 

proportional  to  the  energy,  E,  In  the  received  signal  (Fig  6,  page  13). 

The  noise  In  the  system,  n(t).  Is  assumed  to  be  additive  white  noise 

with  zero  mean.  The  Gaussian  assumption  Is  not  required.  Thus,  the 

results  derived  by  this  analysis  can  again  be  applied  to  the  more  general 

case  of  non-Gausslan  noise  statistics,  such  as  those  of  shot  noise.  The 

sampler  Is  timed  so  that  It  samples  the  filter  output  at  Its  peak.  The 

output  of  this  processor  Is  p,  the  maxlmum-llkellhood  estimate  of  the 

reflectance  (Ref  4:  589-590).  In  the  case  of  the  laser  scanner  receiver, 

the  noise-corrupted  Input  to  the  matched  filter  Is  the  output  of  the 

power  detector,  1 (t). 

d 

In  order  to  find  the  error  variance  of  the  reflectance  estimate, 
the  Input  to  the  matched  filter  will  be  written  as 

1 (t)  - ps(t)  +n(t)  (6) 

d 

where  p Is  the  actual  reflectance  value,  s(t)  Is  the  laser  modulating 

signal,  and  n(t)  Is  the  whlte-nolse  random  process.  Since  the  processor 

Is  linear,  superposition  holds,  and  each  component  of  1 (t)  can  be 

d 

traced  through  the  processor  separately.  For  the  signal  Input,  ps(t), 
the  filter  output  at  the  sampling  Instant  will  be  pE,  since  the  filter 
Is  matched  to  s(t).  After  multiplying  this  by  a gain  of  1/E,  the 
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Figure  6.  Maximum  Likelihood  Processor 


processor  output,  p,  will  be  equal  to  the  actual  reflectance  value,  p. 
Therefore,  in  the  absence  of  noise,  the  receiver  will  accurately  estimate 
the  reflectance.  However,  the  noise  which  Is  present  In  the  receiver 
will  result  In  the  reflectance  estimate  varying  around  the  true  value  of 
p.  The  variance  of  the  error  In  this  estimate  will  thus  be  the  variance 
of  the  noise  at  the  output  of  the  receiver. 

The  easiest  way  to  find  the  variance  of  this  noise  Is  by  using  the 
kno«m  power  spectral  densltltes.  If  the  Fourier  transform  of  s(t)  Is 
denoted  by  S(f),  then  the  power  spectral  density  of  the  output  of  the 
matched  filter,  assuming  an  Input  of  n(t),  will  be 


S«(f)  - |S(f)|250  (7) 

2 

%rhere  Nq/2  Is  the  double-sided  spectral  density  of  the  noise  process. 
Since  the  filter  output  Is  also  a zero-mean  process.  Its  variance  will 
be  equal  to  its  second  moment,  which  Is  the  noise  power  at  the  output. 
However,  this  noise  power  Is  Just  the  Integral  of  the  power  spectral 
density.  Thus, 


c 


Substituting  Eq  (7)  Into  Eq  (8)  results  In 


S(f)|^df 


(9) 


However,  the  Integral  portion  of  Eq  (9)  Is  Just  the  energy,  E,  In  the 
signal  s(t).  Thus, 


(10) 


As  a final  step,  the  variance  of  the  noise  at  the  receiver  output,  which 
Is  also  the  desired  variance  of  the  reflectance  error,  is  related  to  the 
variance  at  the  output  of  the  matched  filter  by 


o 2 - — o 2 (11) 

P g2  MF 


Thus,  the  error  variance  of  the  reflectance  estimate  Is  given  by 


(12) 


Eq  (12)  is  the  relation  which  will  be  used  In  analyzing  the  various 
matched  filter  systems.  As  can  be  seen,  the  only  way  to  improve  the 
accuracy  of  the  reflectance  estimate  Is  by  increasing  the  energy  of  the 
received  signal. 

Harmonic  Tracking  System 

The  error  variance  equations  will  next  be  derived  for  the  second 
type  of  systems  to  be  analyzed,  those  systems  utilizing  harmonic  tracking 
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receivers.  As  In  the  present  laser  scanner  system,  the  range  estimate 
will  be  calculated  from  the  phase  difference  between  the  reference 
signal  and  the  received  signal,  and  the  reflectance  estimate  from  the 
amplitude  of  the  received  signal.  In  order  to  simplify  the  problem.  It 
will  again  be  assumed  that  both  the  range  and  the  reflectance  are  con- 
stant In  a resolution  cell  and  that  the  received  signal  has  been 
reflected  by  a point  target. 

Range  Performance.  In  order  to  determine  the  range  performance,  it 
will  be  assumed  that  the  output  of  the  power  detector  is  tracked  by  a 
phase-lock  loop  (PLL) . Although  the  PLL  may  not  Improve  the  system 
performance  at  high  slgnal-to-nolse  ratios.  It  typically  has  a lower 
threshold  than  other  techniques  and  thus  will  permit  adequate  system 
operation  at  lower  slgnal-to-nolse  ratios.  In  addition  it  will  be 
assumed  that  the  dominant  noise  in  the  receiver  is  zero-mean,  white 
noise  with  a double-sided  spectral  density  of  N^/2  watts/Hz.  Once  again, 
the  Gaussian  assumption  is  not  required. 

The  variance  of  the  error  In  the  range  estimate  Is  determined  by 
the  accuracy  of  the  PLL  In  tracking  the  phase  of  the  received  signal. 

For  a PLL  operating  In  Its  linear  region,  the  variance  of  Its  phase 
error  Is  given  by 


(13) 


where  Ng/2  Is  the  double-sided  noise  power  spectral  density,  Is  the 
double-sided  closed  loop  bandwidth  of  the  PLL  (in  Hz),  and  P^  Is  the 
average  power  In  the  received  signal  (Ref  5:  27-30).  For  a harmonic 

tracker,  the  bandwidth  of  the  PLL  need  be  only  as  large  as  is  required 


• • 


to  pass  the  spectral  Information.  Thus,  W will  be  roughly  2/t  Hz, 

L d 

where  t Is  the  dwell  time  of  the  scanner, 
d 

The  slant  range  to  the  target  Is  related  to  the  measured  phase 
change  by  the  relation 


2r  - JL  X (lA) 

2it 


%rhere  X Is  the  wavelength  of  the  modulating  signal.  Eq  (lA)  can  be 

written  In  terms  of  the  frequency  of  the  harmonic  being  tracked,  f , as 

m 


r 

Anf 


(15) 


m 


where  c is  the  speed  of  light.  Thus,  the  range  error  variance  Is 
related  to  the  phase  error  variance  by  the  relation 


(16) 


Substituting  Eq  (13)  Into  Eq  (16)  results  In  the  equation  which  will  be 
used  for  the  range  error  variance: 


> 2 

v< 


(17) 


The  values  for  the  variables  In  Eq  (17)  will  depend  on  the  particular 
system  being  analyzed. 

In  order  for  the  PLL  to  be  operating  In  its  linear  region,  as 
assumed  above,  the  phase  error  variance  must  be  below  a certain  threshold 
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value.  This  threshold  Is  usually  taken  to  be  where  the  variance  Is 
approximately  1/4  (Ref  6:  23).  Thus, 


* P Tj  4 
c d 


in  order  for  Eq  (17)  to  be  valid. 

Reflectance  Performance.  The  last  performance  measure  of  Interest 

is  that  of  the  reflectance  error  variance  for  the  harmonic  tracking 

system.  To  derive  this  variance  equation,  it  will  be  assumed  that  the 

output  of  the  power  detector  is  first  mixed  with  a locally  generated 

replica  and  then  is  passed  through  a low-pass  filter.  Thus,  the 

receiver  structure  is  just  a Radio  Frequency  (RF)  coherent  detector. 

Since  a low-pass  filter  is  an  Imperfect  Integrator,  this  receiver  can 

be  approximated  by  a mixer  followed  by  an  Integrator.  Also,  since  the 

reflectance  has  been  assumed  to  be  constant  in  a resolution  cell,  the 

period  of  integration  can  be  set  equal  to  one  dwell  time,  t seconds. 

d 

Thus,  the  received  signal  will  be  Integrated  over  one  dwell  time  each 

time  the  receiver  makes  an  estimate,  p. 

The  structure  of  the  receiver  Just  described  is  identical  to  a 

matched  filter  receiver  which  samples  the  output  every  x seconds  (Ref 

d 

7:  247-249).  Thus,  by  adding  an  attenuator  of  gain  1/E  to  the  harmonic 

system,  the  receiver  has  become  a maximum-likelihood  receiver  as  in  the 
matched  filter  system.  Because  of  this  equivalence,  the  previously 
derived  expression  for  the  error  variance  of  the  reflectance  estimate, 

Eq  (12),  is  also  valid  for  the  harmonic  tracking  receiver.  Also  as 
before,  the  only  way  to  improve  the  accuracy  of  the  estimate  is  by 
increasing  the  energy  of  the  received  signal. 
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Resolution 


The  next  concept  to  be  described  Is  that  of  the  range  resolution 
of  the  system.  The  range  resolution  of  the  laser  scanner  system  Is  a 
measure  of  how  close  together  In  slant  range  two  objects  can  be  placed 
and  still  be  distinguished  from  one  another  by  the  scanner  receiver. 

This  Is  equivalent  to  the  concept  of  nominal  resolution  which  j.a 
defined  for  radar  systems.  Nominal  resolution  Is  a measure  of  how 
close  together  Individual  targets,  such  as  aircraft  flying  In  formation, 
can  be  and  still  be  distinguishable  from  one  another  (Ref  8:  82-93). 

Resolution,  as  thus  defined.  Ignores  both  the  effects  of  noise  and  all 
spatial  effects  and,  thus.  Is  the  best  that  a system  can  do. 

The  nominal  resolution  of  a radar  system  Is  determined  from  the 
output  of  the  matched  filter  In  the  receiver.  Two  targets  can  be 
distinguished  only  If  their  returned  signals  are  separated  far  enough 
In  time  so  that  they  can  be  separately  Identified.  A conventional, 
though  arbitrary,  measure  of  this  required  time  separation  Is  that  the 
two  returns  must  be  separated  by  at  least  the  half-power  response  width 
of  the  matched  filter  output. 

The  extension  of  this  conventional  measure  of  resolution  to  the 
laser  scanner  system  can  be  accomplished  very  easily.  For  a matched 
filter  receiver,  the  half-power  width  of  the  matched  filter  output  Is 
Just  the  half-power  width  of  the  main  lobe  of  the  time  autocorrelation 
function  of  the  modulating  signal.  For  a harmonic  tracking  receiver, 
the  phase-lock  loop  and  low-pass  filter  combination  can  be  thought  of 
as  being  equivalent  to  or  better  than  a matched  filter  just  as  was 
done  In  the  reflectance  performance  derivation  In  the  preceding  section. 
Thus,  the  resolution  measure  for  a harmonic  system  can  also  be  found 
from  the  autocorrelation  function  of  the  modulating  signal. 


As  mentioned  earlier,  this  definition  of  resolution  Is  completely 
arbitrary.  A given  system  may  be  able  to  resolve  ranges  much  closer 
than  the  above  criteria  would  Indicate,  depending  on  such  receiver 
characteristics  as  the  setting  of  the  threshold  In  a matched  filter 
receiver.  However,  even  If  the  criteria  gives  a worst-case  estimate  of 
resolution  performance.  It  still  Is  useful  both  for  obtaining  a rough 
estimate  of  the  resolution  and  for  comparing  the  relative  advantage  of 
several  different  systems. 


since  a matched  filter  system  also  utilizes  a periodic  modulating 
signal.  It  will  also  have  an  associated  range  ambiguity  Interval.  As 
explained  previously,  the  range  In  a matched  filter  system  Is  calculated 
from  the  measured  time  delay  for  the  transmitted  signal  to  travel  to  the 
target  and  back.  Since  the  transmitted  signal  repeats  every  T seconds, 
where  T Is  the  period  of  the  signal,  the  receiver  cannot  determine  In 
which  T-second  Interval  the  received  signal  was  transmitted.  Thus, 
although  It  can  measure  the  relative  time  delay  within  the  current  T- 
second  Interval,  It  cannot  measure  the  total  time  delay.  Corresponding 
to  this  time-delay  ambiguity  Is,  of  course,  a range  ambiguity  which  can 
be  represented  by  the  equation 


m 


Thus,  the  range  ambiguity  Interval  for  a matched  filter  system  Is 
Identical  to  that  of  a harmonic  tracking  system.  As  might  have  been 
expected,  the  ambiguity  Interval  depends  only  on  the  frequency  of  the 
modulating  signal. 

Although  the  ambiguity  of  the  system  may  seem  to  be  a serious 
problem,  in  reality.  It  Is  not.  Since  the  purpose  of  the  scanner  system 
Is  to  obtain  a three-dimensional  Image  of  the  scanned  area,  the  Item  of 
Interest  Is  not  the  absolute  slant  range  from  the  scanner  to  the  targets, 
but  rather  the  relative  ranges  of  the  targets  with  one  another.  There- 
fore, If  the  range  ambiguity  Interval  of  the  system  Is  at  least  as  large 
as  the  slant  range  differential  which  results  from  scanning  the  highest 
target  of  Interest,  the  operation  of  the  scanner  will  not  be  degraded. 
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III.  Analysis  of  Proposed  Systems 


Now  that  the  theoretical  background  has  been  established,  the  next 
step  Is  to  describe  the  proposed  modulation  techniques  and  to  analyze 
each  technique  by  means  of  this  theory.  Four  different  modulation 
techniques  will  be  analyzed.  The  first  one  Is  of  the  harmonic  tracking 
type,  while  the  remaining  three  utilize  matched  filter  receivers.  The 
techniques  analyzed  are  not  the  only  possibilities,  although  they  appear 
to  be  the  most  promising  techniques.  As  mentioned  previously,  the  laser 
Is  assumed  to  be  peak-power  limited  with  a continuous-wave  (CW)  output 
power  of  watts,  and  the  receiver  is  assumed  to  be  a direct  detection 
receiver,  which  utilizes  a power  detector  to  transform  the  received 
power  Into  an  electrical  current. 

Each  technique  will  be  described  In  detail  by  first  providing  a 
general  description  and  system  block  diagram,  and  then  by  deriving  its 
range  and  reflectance  performance  and  Its  resolution  capabilities.  The 
ambiguity  problem  will  also  be  discussed  for  each  technique,  as  well  as 
possible  problems  concerning  system  Implementation  and  overall 
feasibility. 

Single  Sinusoid 

General  Description.  The  first  technique  to  be  analyzed  is  a 

harmonic  tracking  technique  in  which  the  output  power  of  the  laser  Is 

amplitude  modulated  by  a single  sinusoid  of  arbitrary  frequency,  f . 

m 

The  laser  output  Is  generated  very  simply  by  adding  a direct  current 
(DC)  bias  to  the  output  of  a sine-wave  generator  and  then  using  the 
resulting  signal  to  excite  the  laser  (Fig  7,  page  22).  Although  the 
addition  of  a DC  bias  may  be  accomplished  internally  by  the  laser 


modulator,  it  will  still  be  considered  as  a separate  rompomeni  of  the 
overall  system  configuration.  The  output  power  of  the  laser  ts  given 
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Figure  7.  Transmitter  for  a Single  Sinusoid  System 
by  the  equation 


P(t)  - — (l  + cos2nf  t) 


m 


(20) 


The  receiver  structure  for  this  single  sinusoid  system  Is  similar 
to  that  of  the  present  system  in  tj^at  it  tracks  the  received  sinusoid 
and  measures  range  by  calculating  the  phase  change  between  the  trans- 
mitted signal  and  the  received  signal  (Fig  8,  page  23).  In  particular, 
the  received  signal,  P(t),  is  first  detected  by  a power  detector  which 

converts  it  to  a current,  i.(t),  of  value 

d 

P R 

l_,(t)  - -a_  (l  + cos2irf  t)  (21) 

d 2 

22 


Figure  8.  Receiver  Structure  for  a Single  Sinusoid  System 


where  R Is  the  responslvlty  of  the  detector,  in  amps/watt.  For  simpli- 
city, the  power  losses  due  to  such  things  as  the  distance  between  the 
transmitter  and  the  target,  atmospheric  attenuation,  and  losses  In  the 
optics  of  the  system  have  been  Ignored  since  they  are  the  same  for  all 
of  the  systems  to  be  discussed. 

The  detector  current,  1 (t).  Is  then  passed  through  a blocking 

d 

capacitor  In  order  to  eliminate  the  DC  term.  Although  this  filtering 

action  may  be  Inherent  In  the  power  detector  Itself,  It  again  will  be 

considered  as  a separate  element  In  the  system  configuration.  The 

resulting  sinusoid,  of  amplitude  P R/2,  Is  used  to  calculate  both  the 

a 

range  and  the  reflectance  estimates.  The  range  Is  calculated  by  means 
of  a phase-lock  loop  (PLL)  which  tracks  the  phase  of  the  sinusoid  and 
compares  It  to  a reference  signal.  By  providing  both  the  transmitted 
signal  and  a range  correction  signal,  which  corrects  for  the  geometry 
of  the  scanning  process,  as  Inputs  to  the  PLL  In  addition  to  the 
received  sinusoid,  the  output  of  the  PLL  Is  the  phase  change  that 
corresponds  to  the  corrected  slant  range  from  the  scanner  to  the  target. 
If  desired,  a further  range  correction  can  be  Included  which  would 
subtract  off  the  slant  range  to  a horizontal  ground  plane.  The  PLL 


output  In  this  case  would  approximate  the  height  of  the  target  above  the 
ground  plane.  A low  pass  filter  after  the  PLL  eliminates  the  double 


frequency  term  which  Is  generated  by  the  PLL,  and  the  amplifier  which 
follows  converts  the  measured  phase  change  Into  the  desired  slant  range 
estimate. 

The  reflectance  estimate  Is  calculated  by  means  of  an  RF  coherent 
detector.  The  Incoming  sinusoid  la  mixed  with  a locally  generated 


replica,  and  the  result  is  passed  through  a low-pass  filter.  The 


resulting  reflectance  estimate  is  a maximum-likelihood  estimate,  as 

explained  in  the  previous  chapter. 

Range  Performance.  Now  that  the  overall  system  has  been  explained, 

its  performance  can  be  analyzed.  The  first  performance  characteristic 

to  be  considered  is  the  error  variance  of  the  range  estimate.  Since 

Eq  (17)  is  applicable  to  this  system,  the  only  variable  to  be  calculated 

is  the  average  power  in  the  received  signal,  P . For  the  received 

c 

sinusoid. 


(22) 


Substituting  Eq  (22)  into  Eq  (17)  results  in  the  range  error  variance 
for  the  single  sinusoid  system  as  being 

o 2 - (23) 

' 2ir2f  2p  2r2^ 
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As  is  also  true  in  the  present  system,  the  range  error  variance  of  this 

system  can  be  decreased  by  increasing  the  modulation  frequency,  f . 

m 

Reflectance  Performance.  In  order  to  calculate  the  error  variance 

of  the  reflectance  estimate,  Eq  (12)  can  be  used.  The  value  to  be  used 

for  the  energy,  E,  in  the  received  signal  is  the  average  power  of  the 

sinusoid,  P , multiplied  by  the  observation  interval,  t..  Thus, 
c a 

P ,2r2t  . 
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(24) 


and 


O 2 - ?_ 

^ P 2r2^ 
a d 


As  can  be  seen,  the  modulating  frequency  has  nothing  to  do  with  this 
error  variance.  The  only  way  to  decrease  the  variance  Is  by  either 
lengthening  the  observation  Interval  or  by  Increasing  the  laser  power. 

Resolution.  The  next  performance  characteristic  to  be  considered 
Is  that  of  the  system’s  resolution.  Following  the  argument  presented 
In  the  previous  chapter,  this  resolution  can  be  determined  from  the 
half-power  width  of  the  time  autocorrelation  function  of  the  modulating 
signal.  For  a sinusoid,  the  time  autocorrelation  function  Is 


R(t)  ■ cos2nf  T 
m 


After  a little  algebra,  the  distance  between  the  half-power  points  Is 
found  to  be 


where  t is  the  minimum  resolvable  time  delay  In  seconds.  Substltut- 
rea 

Ing  Eq  (27)  Into  the  basic  relation 


2R  - cT 
res  res 


where  R is  the  minimum  resolvable  distance,  leads  to  the  relation 

res 


c 


Thus,  the  higher  the  modulating  frequency,  the  better  the  resolution. 
As  an  example,  using  a frequency  of  about  100  MHz,  the  system  would  be 
able  to  distinguish  distances  of  approximately  1.2  feet.  However,  a 
frequency  of  10  MHz  would  result  In  a resolution  of  only  12.3  feet. 
Although  these  figures  provide  a rough  estimate  of  the  resolution  of 
the  system,  they  are,  as  explained  previously,  worst-case  estimates. 

A receiver  operating  at  high  signal- to-nolse  ratios  should  be  able  to 
distinguish  objects  which  are  much  closer  together  than  these  figures 
would  Indicate. 

Ambiguity.  The  final  performance  characteristic  of  Interest  Is 
the  ambiguity  of  the  system.  Since  this  system  utilizes  a harmonic 
tracking  receiver,  its  ambiguity  Interval  Is  Identical  to  that  of  the 
present  system.  Thus,  from  Eq  (19), 


(19) 


For  a modulating  frequency  of  100  MHz,  the  ambiguity  Interval  would  be 

roughly  five  feet,  whereas  for  a frequency  of  10  MHz,  It  would  be 

approximately  50  feet.  Although  decreasing  f would  solve  the  ambiguity 

m 

problem.  It  would  also  degrade  both  the  range  estimation  performance 
and  the  resolution  of  the  system. 

System  Implementation.  The  last  topic  to  be  considered  for  the 
single  sinusoid  system  Is  that  of  system  Implementation.  For  this 
system.  Implementation  would  be  very  easy.  All  of  the  required  compo- 
nents are  readily  available,  and  the  suggested  system  design  Is  straight- 
forward. Harmonic  tracking  Is  feasible,  as  proven  by  the  present  system. 

However,  there  appears  to  be  three  areas  which  could  cause  a pro- 
blem in  the  iaq>lementatlon  of  a single  sinusoid  system.  The  first  one 
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Is  the  bandwidth  of  the  power  detector.  This  bandwidth  must  be  large 

enough  to  pass  whatever  frequency  Is  being  used  as  the  modulating 

frequency,  f . However,  as  has  been  shown,  the  higher  the  modulating 
m 

frequency,  the  shorter  the  ambiguity  Interval.  Thus,  for  an  operational 

system.  It  Is  doubtful  that  f would  ever  be  larger  than  the  currently 

m 

available  detector  bandwidth. 

The  second  possible  problem  area  Is  the  selection  of  an  appropri- 
ate modulating  frequency  such  that  the  range,  resolution,  and  ambiguity 
requirements  can  all  be  satisfied  simultaneously. 

Finally,  the  third  area  Is  one  which  Is  common  to  all  scanner 
systems.  The  CW  output  of  the  laser  must  be  large  enough  so  that  the 
received  power  Is  sufficient  to  keep  the  PLL  above  threshold.  What 
this  relates  to  In  terms  of  actual  power  requirements  will  depend  on 
the  particular  operational  requirements  of  the  system. 

Linear  Frequency  Modulation 

General  Description.  The  next  technique  to  be  considered  Is  one 
which  utilizes  a pulse  compression  technique  which  Is  commonly  used  In 
radar  systems,  that  of  linear  frequency  modulation  (FM).  In  a linear 
FM  pulse,  also  called  a chirp  pulse,  the  carrier  frequency  Is  linearly 
Increased  so  that  at  the  end  of  the  pulse.  It  Is  &f  Hz  higher  than  at 
the  start  (Fig  9,  page  29).  The  chirp  pulse  Is  represented  by  the 
equation 

T T 

s(t)  - cos(2irf^t  +±  pt^I  - _E  < t i -E  (30) 

0 2 2 2 

where  T is  the  duration  of  the  pulse  and  y is  a proportionality  constant. 
P 

The  frequency  deviation,  Af,  Is  given  by 
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(31) 


As  long  as  the  tlme-bandwldth  product,  T Af.  is  large,  T Af  i 20,  the 

P P 

frequency  spectrum  of  the  chirp  is  approximately  rectangular  with  a 
total  bandwidth  of  Af  Hz  and  is  centered  at  what  is  called  the  carrier 
frequency,  f^  (Ref  2;  11-15). 

When  this  FM  pulse  is  passed  through  a properly  matched  filter  in 
the  receiver,  it  is  compressed  into  a very  narrow  output  pulse  whose 
width  is  inversely  proportional  to  the  frequency  deviation,  Af.  This 
compression  action  greatly  Improves  both  the  accuracy  and  the  resolution 
of  the  system.  Thus,  the  FM  chirp  is  an  ideal  technique  to  use  with 
peak-power  limited  transmitters,  since  the  detection  capability  of  long 
pulses  (high  transmitted  energy)  is  combined  with  the  accuracy  and  the 
resolution  capability  normally  associated  only  with  very  narrow  trans- 
mitted pulses. 

The  obvious  method  of  applying  the  FM  chirp  technique  to  the  laser 
scanner  is  by  chirping  the  frequency  of  the  laser  Itself.  However,  even 


If  this  were  possible.  It  would  not  be  feasible  for  use  with  the  proposed 
direct  detection  receiver.  Therefore,  an  alternative  method  must  be 
used  which  utilizes  some  type  of  subcarrier  modulation.  This  can  be 
easily  accomplished  by  first  generating  an  FM  chirp  pulse  starting  at 
some  Intermediate  frequency,  say  20  MHz,  and  then  amplitude-modulating 
the  output  power  of  the  laser  with  the  chirped  pulse. 

Transmitter.  A transmitter  which  will  generate  just  such  an 
output  can  be  configured  using  either  an  active  or  a passive  generation 
approach  (Ref  2:  143-152).  The  active  approach  utilizes  a signal 

generator  whose  output  Is  a periodic  ramp  function  (Fig  10,  page  31). 

This  linear  signal  drives  a voltage-controlled  oscillator  (VCO)  whose 
quiescent  frequency  Is  the  desired  starting  frequency  of  the  chirp. 

The  duration  and  the  slope  of  the  ramp  signal,  along  with  the  charac- 
teristics of  the  VCO,  determine  the  frequency  deviation,  Af,  of  the 
generated  pulse.  If  required,  a gating  circuit  which  Is  synchronized 
with  the  signal  generator  can  follow  the  VCO.  Its  output  Is  thus  a 
series  of  Identical,  linear  FM  pulses. 

In  order  to  determine  the  optimum  length  of  these  pulses.  It  Is 
necessary  to  recall  Eqs  (5)  and  (12)  from  the  previous  chapter  which 
showed  that  the  accuracy  of  both  the  range  and  the  reflectance  estimates 
Increases  as  the  energy  In  the  received  signal  Increases.  Thus,  the 
longer  the  transmitted  pulses,  the  more  accurate  the  estimates.  It  has 
also  been  assumed  that  both  range  and  reflectance  are  constant  In  a 
resolution  cell.  Therefore,  the  optimum  situation  Is  for  each  trans- 
mitted pulse  to  be  seconds  In  length.  This  will  permit  maximum 
energy  to  be  transmitted  while  still  retaining  the  maximum  horizontal 
resolution.  This  will  also  permit  the  gating  circuit  In  the  transmitter 
to  be  eliminated  since  the  pulses  will  now  be  contiguous. 


Figure  10.  Active  Chirp  Transmitter  with  Associated  Waveforms 

A DC  bias  Is  added  to  the  output  of  the  VCO,  and  the  resulting 
signal  Is  used  to  excite  the  laser.  The  output  power  of  the  laser  will 
thus  be  a series  of  contiguous  pulses,  each  pulse  of  the  form 

P . Tj 

P(t)  • —f.  [1  + cos(2wf  t+— Wt^)J  - — it- 
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where  P is  the  CW  power  of  the  laser,  p is  a proportionality  constant 
a 

which  depends  on  the  characteristics  of  the  VCO,  and  t , is  the  time 

d 

duration  of  each  pulse. 

The  second  type  of  transmitter  utilizes  a passive  generation 

method  (Fig  11,  page  33).  In  this  method,  an  Impulse  function  is 

generated  every  t.  seconds  and  is  passed  through  an  expansion  filter, 
d 

This  filter,  which  has  a linear  time  delay  versus  frequency  characteris- 
tic, distorts  the  phase  relationships  of  the  various  frequencies  in  the 
original  Impulse.  The  result  is  a stretching  of  the  Impulse  into  a much 
longer  pulse  which  is  very  similar  to  an  FM  chirp  pulse.  It  has  been 
shown  that  the  Impulse  function  which  comes  the  closes  to  generating 
the  desired  chirp  is  one  of  the  form  (Ref  2:  146-147) 


s(t) 
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where  the  desired  pulse  duration,  T , is  taken  to  he  t seconds.  A DC 

P d 

bias  is  then  added  to  the  output  of  the  expansion  filter,  and  the  laser 
is  again  excited  by  this  resultant  signal. 

Receiver.  As  opposed  to  the  two  different  methods  of  generating  an 
FM  chirp  signal,  there  is  only  one  feasible  method  of  constructing  a 
receiver  to  process  the  signal  and  to  extract  the  desired  information 
(Fig  12,  page  34).  The  output  of  the  power  detector  is  first  passed 
through  a blocking  capacitor,  which  eliminates  the  DC  term.  The 
remaining  signal,  which  is  identical  to  the  linear  FM  pulse  described 
in  Eq  (30),  is  then  passed  through  a compression  filter  which  is  matched 
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Figure  11.  Passive  Chirp  Transmitter 


to  this  signal.  This  compression  filter  has  a time  delay  versus  frequency 
characteristic  of  the  opposite  sense  as  the  frequency  sweep  in  the  pulse. 
Thus,  its  frequency  response  is  the  conjugate  of  the  frequency  response 
of  the  expansion  filter  used  in  the  passive  generation  transmitter. 

The  function  of  the  compression  filter  is  to  again  distort  the 
relative  phase  relationships  of  the  various  frequencies  In  the  signal. 

Only  this  time,  the  distortion  results  In  a compression  of  the  pulse 
back  Into  its  original  sin  x/x  form.  Thus,  the  output  of  the  filter 
will  be  a very  narrow  pulse  whose  width  Is  Inversely  proportional  to 
the  frequency  deviation,  Af,  of  the  FM  pulse. 

In  order  to  generate  the  range  estimate,  the  output  of  the  matched 

filter  is  passed  through  a threshold  detector  which  marks  the  time  when 

the  output  exceeds  a predetermined  threshold.  The  relative  time  delay 

from  the  beginning  of  the  current  t second  interval  is  then  calculated 

d 

and  Is  converted  to  a slant  range  estimate  by  an  amplifier  following 
the  detector.  This  range  estimate  Is  then  combined  with  the  range 
correction  signal  In  order  to  produce  the  corrected  estimate  of  the 
target's  slant  range  from  the  scanner.  A reflectance  estimate  is  also 
calculated  from  the  matched  filter  output  by  choosing  the  peak  value 
of  the  output  every  time  a range  estimate  Is  generated.  This  value 
corresponds  to  the  maximum- likelihood  estimate  of  the  actual  reflectance 
value. 
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Figure  12.  Receiver  Structure  and  Related  Waveforms  for  a Linear  FM  System 


Range  Performance.  Based  on  the  preceding  description  of  the  system 

configuration,  an  analysis  of  the  system  performance  can  now  be  conducted. 

The  first  Item  of  Interest  Is  the  accuracy  of  the  range  estimate  provided 

by  the  receiver.  Eq  (5),  which  gives  an  expression  for  the  error  variance 

of  the  range  estimate  In  a matched  filter  receiver.  Is  applicable  to  the 

FM  chirp  system.  The  two  variables  which  must  first  be  calculated 

before  this  equation  can  be  used  are  the  received  energy,  E,  and  the 

mean-squared  bandwidth,  S^.  Since  the  Input  to  the  matched  filter  Is  an 

FM  pulse  of  amplitude  P R/2  and  duration  t seconds,  the  received  energy 

a d 


Also,  for  large  tlme-bandwldth  products,  t Af  2 20,  the  value  of  the 

d 

mean-squared  bandwidth  has  been  calculated  to  be  (Ref  2:  302-304): 


g2  . ir^Af^ 

3 


Thus,  substituting  these  values  Into  Eq  (5),  the  error  variance  of  the 
range  estimate  for  the  FM  chirp  system  becomes 


0 2 ■ 
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As  can  be  seen  from  Eq  (36),  the  accuracy  of  the  FM  chirp  system  can  be 
Increased  by  either  Increasing  the  frequency  deviation,  Af,  of  the 
signal,  or  by  increasing  the  received  energy,  l.e..  Increasing  either 


the  received  power,  P , or  the  pulse  duration,  r . 

a i 


t 

t 
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The  range  error  variance  derived  by  using  a leading-edge  analysis 
turns  out  to  be  higher  than  the  variance  found  above  by  a factor  of 
approximately  1.9.  The  derivation  of  this  variance  Is  provided  In 
Appendix  A. 

Reflectance  Performance.  The  next  characteristic  of  the  system 
performance  to  be  considered  Is  that  of  the  accuracy  of  the  reflectance 
estimate.  Eq  (12),  which  gives  an  expression  for  the  reflectance  error 
variance  In  a matched  filter  system,  can  be  used  to  find  this  accuracy. 
Substituting  the  expression  for  the  received  energy  given  by  Eq  (34) 
Into  Eq  (12)  results  In  the  error  variance  of  the  reflectance  estimate 
for  the  FM  chirp  system  as  being 


(37) 


Again,  this  variance  can  be  decreased  by  either  Increasing  P or  t , 

a d 

which  Is  equivalent  to  Increasing  the  received  energy  per  resolution 
cell. 

Resolution.  Another  characteristic  of  the  system  which  Is  of 
Interest  Is  Its  resolution  capability.  As  shown  previously,  the  output 
of  the  compression  filter  In  the  receiver  Is  of  the  form  of  a sin  x/x 
pulse  whose  main  lobe  has  a total  width  of  2/Af  seconds.  Thus,  the 
half-power  width,  which  corresponds  to  the  time  resolution  of  the 
system.  Is  calculated  to  be 


T 

res 


0.9 

Af 


(38) 


Changing  this  to  a range  resolution  results  in 
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As  an  example,  a Af  of  10  MHz  would  result  in  a resolution  of  44  feet, 
a Af  of  100  MHz  would  lead  to  a 4.4  foot  resolution,  and  a Af  of  1 
Gigahertz  (GHz)  would  have  a 0.4  foot  resolution  capability. 

Ambiguity.  The  final  characteristic  of  the  system  to  be  considered 
is  that  of  its  ambiguity.  Since  the  period  of  the  modulating  signal  is 
T seconds,  the  range  ambiguity  interval  is  found  from  Eq  (19)  to  be 

Cl 


For  a dwell  time  of  1.59  microseconds,  as  in  the  existing  system,  the 
ambiguity  interval  turns  out  to  be  approximately  782  feet,  much  larger 
than  needed  for  tactical-sized  targets.  For  a smaller  dwell  time  of 
0.33  microseconds,  the  ambiguity  Interval  is  162  feet.  Whether  or  not 
this  Interval  is  large  enough  depends  on  the  targets  of  Interest.  In 
order  to  Increase  the  ambiguity  interval,  the  period  of  the  transmitted 
signal  must  be  Increased.  Although  this  can  be  done  fairly  easy,  it 
trould  also  result  in  a degradation  of  the  horizontal  resolution  of  the 
system. 

System  Implementat ion . Now  that  the  system  configuration  has  been 
described  and  the  Important  performance  characteristics  analyzed,  it  is 
time  to  take  a brief  look  at  some  of  the  qualitative  aspects  of 
IttpleMnting  an  FM  chirp  system. 

To  begin  with,  the  output  of  the  compression  filter  in  the  receiver 
consists  of  time  sldelobes  as  well  as  the  malnlobe.  The  magnitude  of 
the  sldelobe  adjacent  to  the  oialnlobe  is  only  13.2  declbles  (db)  dotm 
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from  the  amplitude  of  the  mainlobe.  The  amplitudes  of  the  remaining 
aldelobea  decrease  very  slovly,  with  the  first  several  decreasing  at  a 
rate  of  about  4 db  per  sldelobe  (Ref  2:  173).  This  could  cause  a pro- 

blem If  the  noise  In  the  receiver  were  to  consistently  cause  the 
magnitude  of  the  sldelobes  to  exceed  the  threshold  value,  thus  resulting 
In  an  erroneous  time  measurement.  This  Is  the  global  accuracy  problem 
discussed  In  the  preceding  chapter.  However,  It  Is  possible  to  reduce 
the  level  of  these  sldelobes  by  additional  filtering,  called  weighting, 
of  the  signal  (Ref  9:  4).  Many  different  weighting  methods  have  been 

developed  to  deal  with  the  sldelobe  problem,  but  all  of  these  cause  a 
slight  degradation  of  1 to  2 db  in  the  slgnal-to-nolse  ratio  of  the 
signal  (Ref  9:  26-35).  In  addition,  they  cause  a widening  of  the 
mainlobe,  thus  degrading  the  resolution  of  the  system.  The  amount  of 
this  widening  depends  on  both  the  type  and  the  amount  of  weighting  used 
(Ref  2:  201).  Thus,  the  use  of  a weighting  filter  In  a particular 

system  must  depend  on  the  seriousness  of  the  sldelobe  problem  In  that 
particular  system. 

Another  Item  of  Interest  can  be  called  the  feasibility  of  using  an 
FM  chirp  system.  Since  the  FM  chirp  technique  Is  widely  used  In  radar 
systems,  the  matched  filter  technology  is  well  developed.  Both  expan- 
sion and  compression  filters  are  available  with  a wide  variety  of 
characteristics  and  In  a wide  variety  of  types,  such  as  strip  delay 
lines  and  surface-wave  delay  lines  (Ref  9:  4-13).  Recent  developments 

In  surface-wave  technology  have  produced  filters  which  can  generate  an 
FM  chirp  pulse  with  a center  frequency  of  1.3  GHz,  a frequency  deviation 
of  500  MHz,  and  a total  pulse  duration  of  approximately  2 microseconds 
(Ref  10:  695-698) . 
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However,  the  major  problem  that  would  be  encountered  would  be  In 

the  modulating  of  the  laser.  As  explained  previously,  the  tlme-bandwldth 

product,  T.Af,  must  be  greater  than  20  In  order  for  both  the  approximate 
d 

frequency  spectrum  of  the  chirp  pulse  (Fig  9,  page  29)  and  the  value  of 
Its  mean-squared  bandwidth  (Eq  (35))  to  be  valid.  In  order  to  meet 
this  requirement,  the  frequency  deviation  must  be  at  least  10  MHz  for 
the  present  dwell  time.  Current  device  technology  of  both  VCO’s  and 
expansion  filters  limits  the  value  of  Af  to  approximately  one-half  of 
the  starting  frequency  of  the  chirp  (Ref  9:  4-15,  Ref  10:  695-698). 

Thus,  for  a Af  of  10  MHz,  the  starting  frequency  must  be  at  least  20 
MHz,  and  the  highest  frequency  In  the  chirp  pulse  would  be  30  MHz  (Fig 
9,  page  29). 

However,  In  an  operational  system,  requirements  for  the  accuracy  of 
the  range  estimate  and  for  the  resolution  of  the  system  (both  dependent 
upon  Af)  would  probably  dictate  a much  higher  value  of  Af,  resulting  In 
a correspondingly  higher  starting  frequency.  The  highest  frequency  In 
the  chirp  pulse  In  such  a system  could  conceivably  be  In  the  Gigahertz 
(GHz)  region.  Thus,  the  problem  would  be  how  high  a frequency  can  a 
semi-conductor  laser  be  modulated  before  It  becomes  Inoperable.  A 
recent  study  has  shown  that  a 25  MHz  modulation  rate  Is  easily  obtainable 
with  current ly-avallable  semiconductor  lasers  (Ref  1:  1-14).  However, 

this  study  did  not  attempt  to  determine  the  maximum  modulation  rate 
achievable.  If  this  maximum  rate  does  not  turn  out  to  be  high  enough 
for  operational  requirements,  further  developmental  work  In  laser 
modulation  may  be  required  before  an  FM  chirp  system  becosies  feasible. 

A final  Item  of  Interest  Is  the  required  detector  bandwidth.  The 
detector  will  have  to  have  at  least  a bandwidth  equivalent  to  the  hlgheat 
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frequency  In  the  chirp  pulse.  At  a minimum,  this  would  be  approximately 
30  MHz.  At  a maximum.  It  again  could  be  over  1 GHz.  . Thus,  the  FM  chirp 
system  trades  bandwidth  for  performance.  The  greater  the  available 
bandwidth,  the  better  the  system  performance. 


Pseudonoise  Coding 

General  Desciiption.  The  third  technique  to  be  considered  Is 
another  pulse  compression  technique  that  Is  used  In  radar  systems,  that 
of  pseudonoise  (PN)  coding  of  the  transmitted  signal.  In  a PN  coded 
system,  the  transmitted  sinusoid  Is  divided  up  Into  a number  of  short 
Intervals,  each  of  width  t^  seconds,  called  the  chip  width.  The  phase 
of  the  sinusoid  in  each  Interval  is  determined  by  the  value  of  the  PN 
code  In  that  Interval.  Since  a PN  code  Is  a periodic,  binary  code, 
the  values  of  the  periodic  binary  waveform  corresponding  to  the  code 
can  be  set  to  ± 1 . Thus,  the  phase  of  the  sinusoid  In  each  Interval 
will  be  either  0 degrees  or  180  degrees  and  will  alternate  In  each 
Interval  in  accordance  with  the  PN  code  (Fig  13,  page  41). 

The  binary  sequence  from  «rhlch  a PN  binary  waveform  is  derived  can 

be  easily  generated  by  means  of  a linear  shift  register  with  appropriate 

feedback  connections.  Since  the  details  of  such  a code  generator  are 

discussed  extensively  In  the  literature,  they  will  not  be  repeated  here 

(Ref  5:  145-148).  However,  several  Important  characteristics  of  the 

coded  binary  waveform  which  are  of  Interest  will  be  summarized.  To 

begin  trlth,  the  length  of  the  code,  l.e.,  the  number  of  chip  widths  In 

the  code  before  It  begins  to  repeat.  Is  dependent  on  the  number  of 

stages  In  Che  generating  shift  register.  If  the  shift  register  has  N 

|1 

stages,  the  length  of  the  code,  p,  will  be  2-1.  Since  each  chip  is  of 
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duration  seconds,  the  total  time  duration  of  the  code  before  It 
repeats  Is  pt^  seconds. 

Another  Important  characteristic  Is  that  the  number  of  Intervals  In 
which  the  binary  waveform  has  a value  of  plus  one  Is  given  by  (p  + l)/2, 
while  the  number  of  Intervals  In  which  It  Is  minus  one  Is  given  by 
(p-l)/2.  Thus,  there  will  be  one  more  plus  one  than  minus  one  In  the 
code.  Finally,  the  time' autocorrelation  function  of  a periodic  PN  code 
which  Is  normalized  with  respect  to  the  energy  In  one  code  word  dura- 
tion, ptg  seconds,  consists  of  a malnlobe,  which  peaks  at  a value  of 
one,  and  a sldelobe  which  has  a constant  value  of  (-1/p)  (Fig  14,  page 
42).  The  derivation  of  this  autocorrelation  function  assumes  that  the 
code  has  a period  of  pt^  seconds,  l.e.,  that  the  code  words  are  contig- 
uous. This  autocorrelation  function  can  be  generated  by  a filter  which 
Is  matched  to  the  complete  pt^-second  code  word.  Vfhen  the  current  code 
word  has  been  received,  the  output  of  the  filter  will  peak  as  does  the 
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Figure  13.  Tjrpicel  PN  Coded  Waveform  and  Resulting 
Phase-Coded  Sinusoid 
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Figure  14.  Tliae  Autocorrelation  Function  of  a Periodic  PN  Waveform 


autocorrelation  function.  However,  at  all  other  times,  l.e.,  before  the 
current  code  word  has  been  completely  received,  and  while  parts  of  the 
previous  code  word  are  still  within  the  delay  line,  the  output  will 
exhibit  the  negative  sldelobes  of  the  autocorrelation  function.  Also, 
since  the  code  Is  periodic,  the  autocorrelation  function  Is  also  periodic, 
with  a period  of  pt^  seconds  (Ref  5:  148-149). 

The  technique  of  coding  a signal  with  a PM  code  can  be  adapted  to 
the  laser  scanner  system  In  the  same  way  as  the  FM  chirp  technique; 
that  la,  by  subcarrier  modulation.  Thus,  a sinusoid  at  an  Intermediate 
frequency  can  first  be  phase-coded  by  a PN  code,  and  the  resulting 
signal  used  to  amplltude-modulate  the  output  power  of  the  laser. 

Transmitter.  A transmitter  idilch  will  generate  Just  such  an  output 
can  be  easily  constructed  (Fig  15,  page  43).  A waveform  generator,  the 
output  of  which  Is  the  PN  coded  binary  waveform.  Is  used  to  modulate  a 
sinusoid  of  frequency  f . The  resulting  signal  Is  the  phase-coded 
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Figure  IS.  Transmitter  Structure  for  a PN  Coded  System 


sinusoid  described  above  (Fig  13,  page  41).  By  adding  a DC  bias  to  this 


signal  and  using  the  resulting  signal  to  excite  the  laser,  the  output 


power  of  the  laser,  P(t),  will  have  the  desired  amplitude  modulation 


The  laser  output  for  each  code  duration  can  be  represented  as 


a Pa  P-1 

— + — r a Sln27rf  t{U(t-lt  )-U[t-(l  + l)t,]  } 0St<x 
2 2 1-0  1 ® 0 0 d 


where  a - {±1),  and  U(t)  Is  the  unit  step  function 


As  was  the  case  In  the  FM  chirp  system,  it  Is  also  desirable  in 


this  system  to  maximize  the  energy  transmitted  In  each  dwell  time  In 


order  to  minimize  the  error  variances  of  the  range  and  reflectance 


estimates.  Also,  as  mentioned  earlier,  the  code  words  must  be  trans' 


mitted  contiguously  In  order  to  achieve  the  low  sldelobes  of  the 


autocorrelation  function.  Thus,  the  length  of  the  code,  p,  and  the 


chip  width,  t , can  be  chosen  so  that  the  time  duration  of  each  code 


ptg,  is  equal  to  Che  dwell  time,  t seconds.  The  transmitter  output 

d 

will  then  be  a continuous  coded  signal  which  repeats  every  t seconds. 

d 

Receiver.  The  receiver  for  a PN  coded  system  Is  slightly  more 
complicated  chan  the  transmitter  Just  described.  The  received  optical 
signal,  P(t),  Is  first  detected  by  the  optical  detector,  which  converts 
It  to  an  electrical  current  (Fig  16,  page  43).  A blocking  capacitor 
eliminates  the  DC  term  so  that  the  resulting  signal  Is  a typical  phase- 
coded  sinusoid.  This  sinusoid  Is  then  sent  Into  a tapped  delay  line 
which  has  a total  of  p Caps  and  where  Che  delay  between  Caps  Is  equal 
to  Cq  seconds. 

The  output  at  each  of  these  Caps  Is  multiplied  by  Che  appropriate 
value,  either  ± 1 , and  then  sent  Into  a summing  network.  These  p 
multipliers  are  set  equal  to  the  transmitted  PN  code,  with  the  first 
code  bit  being  placed  Into  the  multiplier  at  the  last  tap  on  the  delay 
line.  The  result  of  this  delay  line-summer  network  Is  Chat  when  the 
current  code  word  has  been  received,  l.e..  It  Is  completely  within  the 
delay  line.  It  Is,  In  effect,  decoded  by  Che  multipliers,  so  that  the 
output  of  each  multiplier  Is  a sinusoid  with  a phase  angle  of  zero 
degrees.  Since  all  of  these  outputs  are  In  phase,  they  add  together  In 
the  summer,  forming  one  sinusoid  whose  amplitude  Is  p times  Che  original 
amplitude.  The  duration  of  this  In-phase  signal  Is  Cq  seconds,  since 
after  this  time  duration  the  current  code  word  Is  being  shifted  out  of 
the  delay  line  and  is  being  replaced  by  the  next  code  word.  Due  to  the 
characteristics  of  a PN  code,  all  other  combinations  of  code  bits  In  the 
delay  line  will  result  in  destructive  addition  in  the  summer,  and  the 
resultant  summer  output  will  be  a single  amplitude  sinusoid  with  a phase 
angle  of  180  degrees. 
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Figure  16.  Receiver  Structure  and  Associated  Waveforms  for  a PN  Coded  System  (Waveforms  assume 
that  the  system  has  been  operating  for  at  least  pt  seconds.) 
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The  output  of  this  summing  network  Is  routed  through  a filter  which 

Is  matched  to  the  tg  second  chip  width  of  the  signal.  As  long  as  the 

summer  output  Is  the  continuous  sinusoid  with  a 180**  phase  angle,  the 

output  of  this  filter  wlll^be  a constant  negative  current.  However,  when 

the  summer  output  Is  the  ln*phase  signal  resulting  from  the  reception  of 

the  complete  code  word,  the  output  of  the  filter  will  be  the  sharp  peak 

corresponding  to  the  malnlobe  of  the  time-autocorrelation  function  of 

the  PN  code.  Thus,  the  receiver  has  compressed  the  long  transmitted 

pulse,  p code  bits  long.  Into  a very  narrow  output  peak  whose  width  Is 

dependent  only  on  the  size  of  the  chip  width,  t^,  and  whose  peak  value 

Is  proportional  to  the  energy  contained  In  the  entire  r second  pulse. 

d 

The  output  of  the  matched  filter  Is  processed  In  the  same  manner 

as  In  the  FM  chirp  system.  Thus,  In  order  to  measure  the  slant  range 

from  the  scanner  to  the  target,  the  output  Is  routed  through  a threshold 

detector  which  Is  triggered  when  the  output  peaks.  The  time  delay  thus 

measured  Is  then  converted  to  a slant  range  estimate  by  an  amplifier 

following  the  threshold  detector.  The  reflectance  Is  estimated  simply 

by  noting  the  peak  value  of  the  filter  output  In  every  t second  Inter- 

d 

val.  Since  this  value  Is  proportional  to  the  total  received  energy.  It 

gives  the  desired  reflectance  estimate. 

Range  Performance.  Now  that  the  system  configuration  has  been 

described,  the  performance  of  the  system  can  be  analyzed.  To  begin 

with,  the  error  variance  .of  the  range  estimate  will  again  be  calculated 

by  using  Eq  (5),  the  expression  for  a matched  filter  receiver.  For  the 

PN  coded  system,  the  energy  In  one  complete  code  word  of  t seconds  Is 

d 

given  by 
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E 


(42) 


Also,  the  mean-squared  bandwidth  of  the  signal,  6^,  can  be  calculated 
to  be  (reference  Appendix  B) 


g2  _ 4(p-H) 


(43) 


Substituting  Eqs  (42)  and  (43)  Into  Eq  (5)  results  In  the  expression  for 
the  range  variance  for  a PN  system: 


(44) 


Thus,  the  range  error  variance  shows  a dependence  on  both  p and  tQ. 
However,  It  has  been  specified  that  the  product  pt^  Is  a constant  for  a 
given  dwell  time.  Thus,  the  range  error  variance  can  be  decreased  by 
decreasing  the  chip  width,  t^,  while  simultaneously  Increasing  the  code 
length,  p.  A comparison  of  this  error  variance  with  the  variance  com- 
puted using  the  leading-edge  analysis  shows  that  the  leading-edge  vari- 
ance is  higher  by  a factor  of  only  1.3  (reference  Appendix  C). 

Reflectance  Performance.  The  next  system  characteristic  of  Interest 
Is  the  error  variance  of  the  reflectance  estimate.  This  variance  can  be 
found  for  the  PN  system  by  using  Eq  (12) . Substituting  the  value  for 
the  received  energy  given  by  Eq  (42)  Into  Eq  (12)  results  In 

2 0 

o ^ • 
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(45) 


Thus,  the  reflectance  performance  can  be  Improved  only  by  Increasing 
either  the  received  power  or  the  dwell  time  of  the  scanner. 


Resolution.  The  resolution  capability  of  a PN  system  can  also  be 
found  based  on  the  previously  presented  results.  Since  the  time  resi’lu- 
tlon  of  the  system  Is  calculated  from  the  half-power  width  of  the 
malnlobe  of  the  time  autocorrelation  function  of  the  modulating  signal, 
the  time  resolution  of  the  PN  system  is  found  to  be 


T 

res 


0.6tQ 


(46) 


This  equates  to  a range  resolution  of 


R 

res 


0.3cto 


(47) 


As  an  example,  for  a chip  width  of  10  nanoseconds,  the  system  resolution 
is  roughly  3 feet.  Decreasing  t^  to  5 nanoseconds  results  In  a resolu- 
tion of  approximately  1.5  feet,  while  decreasing  It  even  further  to  2 
nanoseconds  Improves  the  resolution  to  0.6  feet. 

Ambiguity.  The  final  characteristic  of  Interest  is  the  ambiguity 
of  the  system.  Since  the  PN  coded  signal  Is  periodic  with  a period  of 

T seconds,  Eq  (19)  is  valid,  and 
d 


(48) 


Thus,  the  ambiguity  of  the  PN  system  is  identical  to  that  of  the  FM 
chirp  system.  As  in  the  chirp  system,  the  ambiguity  Interval  for  the 
dwell  time  of  1.59  microseconds  being  used  In  the  present  system  Is 
calculated  to  be  782  feet. 
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System  Implementation.  Now  that  the  performance  of  a PN  system  has 


been  considered,  a few  comments  will  be  made  concerning  Its  Implementa- 
tion and  feasibility.  To  begin  with,  since  the  output  of  the  matched 
filter  has  only  a sharply  peaked  malnlobe  and  a sldelobe  which  has  a 
constant  negative  value,  the  global  accuracy  problem  discussed  In  the 
preceding  chapter  Is  nonexistent. 

Another  Item  of  Interest  Is  the  availability  of  components.  In 
order  to  obtain  good  resolution  capabilities,  the  chip  width,  t^,  must 
be  on  the  order  of  5 nanoseconds  or  less.  This  would  mean  that  the 
code  generator  would  have  to  be  capable  of  generating  Its  code  bits  at 
a rate  of  200  Megabits  per  second  or  greater.  This  rate  may  be  too 
high  for  a code  generator  which  uses  a linear  shift  register.  However 
an  alternate  method  of  generation  has  been  under  development  for  several 
years.  This  method,  which  uses  a surface  acoustic  wave  device,  is 
reported  to  be  capable  of  bit  rates  up  to  300  Megablts/sec  (Ref  11: 

22A). 

Device  technology  is  also  a consideration  for  the  receiver  compo- 
nents. The  delay  line  must  have  a large  number  of  taps  and  a total 

delay  of  t seconds.  For  chip  widths  on  the  order  of  nanoseconds,  the 
d 

code  length,  p,  would  be  several  hundred,  based  on  the  present  dwell 
time.  Even  for  a much  smaller  dwell  time  of  0.33  microseconds,  p would 
still  be  on  the  order  of  one  hundred.  However,  It  appears  that  this 
will  not  be  a major  problem.  Development  of  delay  lines  using  surface- 
wave  technology  la  continuing  and  should  result  In  devices  capable  of 
meeting  the  requirements  of  the  scanner  system  (Ref  12:  186-187). 

A third  item  of  Interest  In  the  Implementation  of  a PN  system  Is 
the  actual  modulation  of  the  laser.  As  In  the  FM  chirp  system,  this 


would  be  the  major  problem  chat  would  be  encountered  In  the  implementa- 
tion of  Che  system.  In  order  to  have  several  cycles  of  the  subcarrier 
sinusoid  contained  within  each  chip  width,  the  frequency  of  this 
sinusoid,  f , will  have  to  be  In  the  Gigahertz  region.  Whether  or  not 

ID 

a semiconductor  laser  can  be  modulated  at  such  a high  rate  remains  to  be 
determined,  as  has  previously  been  discussed.  If  such  a high  frequency 
Is  not  obtainable,  a lower  frequency  could  be  used,  with  the  result  that 
the  chip  width  would  have  to  be  Increased.  Although  this  might  not 
significantly  degrade  the  range  and  reflectance  error  variances  of  the 
system.  It  could  degrade  Its  resolution  capability  to  an  unacceptable 
level. 

The  final  Item  of  Interest  Is  the  problem  of  the  required  detector 

bandwidth.  Since  the  binary  waveform  Is  used  to  modulate  a sinusoid  of 

frequency  f , the  resulting  spectrum  will  be  centered  around  f , and  Its 
m m 

upper  limit  can  be  taken  as  f -f  2/t„  (Fig  23,  page  86).  Since  f must 

m “ m 

be  greater  than  (l/t^),  the  bandwidth  required  for  t^  to  be  In  the  nano- 
second range  can  easily  be  greater  than  one  Gigahertz.  Thus,  as  Is  also 
true  of  the  FM  chirp  system,  the  PN  system  trades  bandwidth  for  per- 
formance. The  greater  the  available  bandwidth,  the  better  the  performance 
of  the  system. 

Pseudonoise  Coded  On-Off  System 

General  Description.  The  final  modulation  technique  to  be  discussed 
Is  a variation  of  the  pseudonolse-coded  subcarrier  system  considered  In 
the  preceding  section.  In  particular,  this  technique  eliminates  the 
subcarrier,  and  modulates  the  laser  directly  with  the  coded  binary 
waveform.  The  resulting  output  of  the  laser  In  each  chip  width  Is  thus 
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either  on  or  off,  depending  upon  the  value  of  the  code  In  that  particu- 
lar Interval. 

The  transmitter  for  this  on-off  system  Is  very  similar  to  the 

transmitter  for  the  subcarrier  PN  system.  A DC  bias  Is  first  added  to 

the  output  of  a coded  waveform  generator,  and  the  resulting  signal  Is 

used  to  excite  the  laser  (Fig  17,  below).  The  output  power  of  the  laser 

for  each  code  duration  of  t seconds  can  be  represented  by  the  equation 

d 


P P 
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0<  t^T 


(49) 


p 


where  a^  ■ {± 1}  , and  U(t)  Is  the  unit  step  function. 

The  receiver  structure  for  this  system  Is  Identical  to  the  structure 
used  for  the  subcarrier  PN  system.  The  received  optical  signal,  P(t),  Is 
first  detected  by  a power  detector  and  converted  Into  an  electrical 
current  (Fig  18,  page  52) . A blocking  capacitor  eliminates  the  DC  term, 
and  the  resulting  signal  Is  sent  Into  a delay  line-summer  network. 


Blocking  j VS;  Delay  Line 


The  operation  of  the  delay  llne-sunmer  network  la  exactly  the  same 
as  explained  previously.  The  output  of  the  network  will  be  a constant 
negative  value  as  long  as  the  current  code  word  is  not  completely  within 
the  delay  line.  However,  when  the  current  code  word  has  been  received, 
the  output  will  peak  for  t^  seconds,  since  all  of  the  individual  outputs 
of  the  multipliers  will  be  in  phase.  The  output  of  this  network  is 
routed  through  a filter  tfhich  is  matched  to  the  subpulses.  The  output 
of  this  matched  filter  is  then  processed  as  in  the  previous  matched 
filter  system.  A threshold  detector  first  detects  the  output  peaks  and 
measures  the  time  delay  information.  An  amplifier  following  this 
detector  then  converts  the  time  delay  into  the  desired  slant  range 
estimate.  The  reflectance  estimate  is  again  generated  simply  by 
choosing  the  peak  value  of  the  matched  filter  output  every  time  a range 
estimate  is  generated. 

Range  Performance.  Based  on  the  preceding  system  configuration, 
the  performance  characteristics  can  now  be  derived.  The  range  perform- 
ance is  again  derived  using  Eq  (5) . For  this  system,  the  energy  is 
found  to  be 


d 4 


Comparison  of  this  equation  with  Eq  (42)  shows  that  the  received  energy 
in  this  system  is  twice  as  large  as  that  in  the  PN  subcarrier  system. 
This  difference  is  due  simply  to  the  difference  in  energy  between  a 
sinusoid  and  a square  wave  which  have  the  saaw  amplitude.  Since  the 
signal  modulation  in  this  system  is  the  same  binary  tMveform  as  in  the 


subcarrier  system,  the  value  for  the  mean-squared  bandwidth  derived  in 
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Appendix  B is  also  valid  for  this  system.  Thus, 


g2  . 


(43) 


and  the  error  variance  of  the  range  estimate  is  found  to  be 


2 _ irc^Ngto 

^ 8P  2r2(p  + i) 
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(51) 


As  expected,  the  accuracy  can  again  be  Increased  by  decreasing  the  chip 
width,  t^,  and  increasing  the  code  length,  p. 

Reflectance  Performance.  The  reflectance  performance  of  the  system 
can  again  be  derived  by  use  of  Eq  (12) . Substituting  Eq  (50)  into  Eq 
(12)  results  in  the  error  variance  of  the  reflectance  estimate: 


a • :: — isz; 

P P 2r2, 
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The  reflectance  performance  can  again  be  improved  only  by  increasing  the 
received  energy. 

Resolution.  The  resolution  of  the  system  depends  only  on  the  time 
autocorrelation  function  of  the  sKKlulstlng  signal.  Since  the  modulating 
signal  for  this  system  is  the  same  as  that  used  in  the  subcarrier  PN 
system,  the  resolution  properties  of  the  two  systems  are  identical. 

Thus,  the  resolution  of  this  system  Is  given  by 

R - 0.3ct„  (47) 

res  0 

Ambiauity.  The  final  system  characteristic,  its  ambiguity,  depends 
only  on  the  period  of  the  modulating  signal.  Thus,  the  ambiguity  Interval 


for  this  system  Is  Identical  to  that  of  the  PN  subcarrier  system,  and 


System  Implementation.  The  final  item  of  Interest  Is,  of  course, 
that  of  system  implementation.  In  general,  the  implementation  Issues 
for  this  system  are  Identical  to  those  of  the  subcarrier  PN  system. 

Since  the  time-autocorrelation  functions  are  the  same,  the  global 
accuracy  analysis  is  the  same.  Also  since  the  coded  waveform  generators 
and  the  delay  line-summer  networks  have  the  same  characteristics,  the 
problem  of  device  technology  and  availability  parallels  that  already 
discussed. 

However,  there  are  two  major  differences  between  the  systems 
which  make  the  on-off  system  easier  to  implement.  The  first  difference 
is  in  the  modulation  of  the  laser.  Since  there  is  no  subcarrier  sinusoid 
in  the  on-off  system,  the  laser  is  modulated  at  the  frequency  of  the 
binary  waveform  generator.  Thus,  it  will  have  to  be  capable  of  being 
modulated  at  a rate  of  Hz.  For  a chip  width  of  5 nanoseconds, 

this  would  only  be  a rate  of  200  MHz,  about  a factor  of  3 less  than  the 
rate  that  the  PN  subcarrier  system  would  require. 

The  second  difference  is  in  the  required  detector  bandwidth.  For 
the  on-off  system,  the  required  bandwidth  is  approximately  (Z/t^)  Hz. 
Thus,  a chip  width  of  5 nanoseconds  would  require  a bandwidth  of  approxi- 
mately 400  MHz.  This  would  again  be  a significant  improvenwnt  over  the 
PN  subcarrier  system,  this  time  by  a factor  of  about  four. 

However,  this  revised  PN  system  still  requires  large  bandwidths  for 
good  performance.  As  in  all  of  the  matched  filter  systems  discussed. 
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the  performance  of  this  system  can  be  Improved  only  by  Increasing  the 
bandwidth  of  the  transmitted  signal. 


IV.  Comparisons  of  Proposed  Systems 


Having  completely  described  and  analyzed  each  of  the  four  proposed 
modulation  techniques,  the  next  step  Is  to  compare  them.  The  basis  of 
comparison  to  be  used  will  be  that  of  the  range  and  the  reflectance 
performance  of  the  systems.  In  particular,  expressions  will  be  derived 
In  this  chapter  which  relate  the  standard  deviations  of  the  range  and  the 
reflectance  errors  of  the  two  systems  being  compared.  This  standard 
deviation  measure  Is  Just  the  square  root  of  the  error  variances  already 
derived.  In  addition,  the  resolution  capabilities  of  the  systems,  their 
ambiguity  Intervals,  and  their  ease  of  Implementation  will  also  be 
compared.  In  carrying  out  this  comparison.  It  will  be  assumed  that  the 
values  of  P^,  the  CW  output  power  of  the  laser,  R,  the  responslvlty  of 
the  power  detector,  and  Nq,  the  power  spectral  density  of  the  noise,  are 
Identical  In  each  of  the  systems  being  compared. 

In  order  to  simplify  the  system  comparisons,  only  one  of  the  pseudo- 
noise systems  will  be  Included.  A visual  comparison  of  Eqs  (44)  and  (51) 
and  Eqs  (45)  and  (52)  shows  that  the  PN  coded  on-off  system  Is  better 
than  the  PN  subcarrier  system  by  a factor  of  two  In  both  the  range  and 
the  reflectance  error  variances.  In  addition.  It  was  shown  that  a PN 
on-off  system  would  be  easier  to  Implement.  Therefore,  since  there  does 
not  seem  to  be  any  advantage  to  using  a PN  subcarrier  system,  only  the 
PN  on-off  system  will  be  Included  In  the  comparisons. 

PN  On-Off  System  and  PM  Chirp  System 

Mange  Comparison.  The  first  comparison  Is  between  the  PN  on-off 
system  and  the  FM  chirp  system.  In  order  to  compare  the  range  performance 
of  the  two  systems,  Eqs  (36)  and  (51)  can  be  combined  algebraically. 
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resulting  in  the  equation 


o » l.lAft„o  (53) 

rPN  ° rFM 

where  a and  o are  the  standard  deviations  of  the  range  error  for 
rPN  rFM 

the  PN  on-off  system  and  FM  chirp  system,  respectively. 

In  order  to  obtain  a realistic  comparison  of  the  systems,  it  will 
be  assumed  that  the  bandwidth  of  the  power  detector  has  an  upper  limit 
of  W Hz.  It  will  also  be  assumed  that  the  following  relations  are 
valid: 

^0  • f <») 

and 

fj  +Af  - W (55) 

where  fj  is  the  starting  frequency  of  the  FM  chirp  pulse  (Fig  9,  page 
29).  In  addition,  it  has  been  required  that  Af^fj/2  due  to  device 
limitations.  Therefore,  assuming  the  best  case  of  Af  > fj/2,  Eq  (55) 
can  be  written  as 

Af  - W/3  (56) 

Substituting  Eqs  (54)  and  (56)  into  Eq  (53)  results  in 

»r™  rFM 

Eq  (57)  states  that,  assuming  a detector  bandwidth  restriction,  the  PN 
on-off  system  will  always  outperform  the  FM  chirp  system  by  a factor  of 
roughly  1.4. 
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Reflectance  Comparison.  In  order  to  compare  the  reflectance 
performance  of  the  two  systems,  Eqs  (37)  and  (52)  can  be  combined, 
resulting  In 


o 

pPN 


1 

/T 


o 

pFM 


(58) 
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Eq  (58)  states  that  the  reflectance  performance  of  the  PN  system 
will  always  be  better  than  that  of  the  FM  system,  by  a factor  of  / 2 . 

Other  Considerations . In  addition  to  the  range  and  reflectance 
performance  comparisons,  the  two  systems  can  also  be  compared  in  several 
other  respects.  Combining  Eqs  (39)  and  (47)  and  taking  the  bandwidth 
restriction  Into  account,  results  In 


R 


res-PN 


0.44  R 


res-FM 


(59) 


Eq  (59)  says  that  the  resolution  of  the  PN  system  Is  about  2.3  times 
better  than  that  of  the  FM  chirp  system. 

Also,  since  both  modulating  signals  have  the  same  period,  t 

d 

seconds,  their  ambiguity  Intervals  are  Identical.  Finally,  concerning 
system  Implementation,  the  two  systems  seem  to  be  about  equal.  Although 
components  for  the  FM  chirp  system  may  be  more  readily  available,  the 
high  sldelobes  In  the  chirp  output  would  cause  more  of  a problem  than 
those  of  the  PN  signal. 


I 


FM  Chirp  System  and  Single  Sinusoid  System 

Range  Comparison.  The  next  comparison  Is  between  the  FM  chirp 
system  and  the  single  sinusoid  system.  The  range  performance  of  these 
two  systems  can  be  compared  by  combining  Eqs  (23)  and  (36),  resulting  In 
the  expression 
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where  is  the  standard  deviation  of  the  range  error  for  the  single 
sinusoid  system.  Taking  the  bandwidth  restriction  into  account  by 
substituting  Eq  (56)  Into  Eq  (60)  results  In 


f 

a - 7.2  a 
rFM  W rs 


(61) 


Although  the  value  of  f is  also  restricted  to  an  upper  limit  of  W Hz, 

m 

It  would  not  be  practical  to  use  such  a high  frequency  due  to  ambiguity 

considerations.  Therefore,  the  value  of  f has  been  left  arbitrary  in 

m 

the  above  equation. 

Eq  (61)  shows  that  the  relative  performance  of  the  two  systems 

depends  on  the  relationship  of  f and  W.  It  can  be  seen  that  the  FM 

m 

chirp  system  will  outperform  the  single  sinusoid  system  If 

7.2  f <W  (62) 

m 

As  an  example,  if  f Is  100  MHz,  the  detector  bandwidth  must  be  greater 
n 

than  720  MHz  for  the  chirp  system  to  be  better.  However,  if  f is  only 

ni 

50  MHz,  the  detector  need  only  have  a bandwidth  of  360  MHz.  In  general, 
a definite  statement  concerning  the  required  bandwidth  cannot  be  given 
until  it  Is  determined  what  value  f should  be,  l.e.,  what  ambiguity 

HI 

interval  can  be  tolerated  In  order  to  meet  the  operational  requirements. 

Reflectance  Comparison.  The  reflectance  performance  of  these  two 
systems  can  be  compared  by  combining  Bqs  (25)  and  (37),  resulting  In 
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o “0  (63) 

pFM  pS 


Thus,  the  reflectance  performance  of  the  two  systems  is  identical. 

Other  Considerations . The  resolution  capabilities  of  the  two 
systems  can  be  compared  by  combining  Eqs  (29)  and  (39) , resulting  in 


res-FM 


- 10.8  R 


y res-S 


(64) 


As  an  example,  using  the  values  of  f - 100  MHz  and  W - 720  MHz  as  used 

m 

In  the  preceding  section,  it  can  be  seen  that  the  resolution  of  the 
sinusoid  system  Is  about  1-1/2  times  better  than  that  of  the  chirp 
system. 

As  for  the  ambiguity  comparison,  the  chirp  system  is  definitely 
better,  since  its  ambiguity  interval  is  based  on  the  dwell  time  of  the 
scanner.  And,  finally,  the  Implementation  comparison  must  lean  heavily 
towards  the  sinusoid  system,  since  It  Is  a very  straightforward  and 
proven  method,  whereas  the  chirp  technique,  although  commonly  used  In 
radar  systems,  has  never  been  tried  with  the  laser  scanner. 


PN  On-Off  System  and  Single  Sinusoid  System 

Range  Comparison.  The  final  two  systems  to  be  compared  are  the 
PN  on-off  system  and  the  single  sinusoid  system.  Combining  Eqs  (23)  and 
(51)  results  in  the  relationship  of  the  standard  deviations  of  the  range 
error  given  by 


o ■ 2.8  f t,o  „ 
rPN  m 0 rS 


(65) 


Adding  In  the  bandwidth  restriction  by  substituting  Eq  (54)  into  Eq  (65) 
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results  In 


c ^ “ 

o * 5.6  — a 
rPN  W X 


Once  again,  the  relationship  between  the  two  systems  depends  only  upon 

the  relationship  of  f and  W.  Eq  (66)  shows  that  the  PN  on-off  system 

m 

will  outperform  the  single  sinusoid  system  if 


5.6  f < W 
m 


Thus,  if  f is  100  MHz,  the  detector  bandwidth  must  be  at  least  560  MHz 
m 

for  the  PN  system  to  be  better.  With  an  f of  50  MHz  the  bandwidth 

m 

needs  to  be  only  greater  than  280  MHz. 

Reflectance  Performance.  In  order  to  compare  the  reflectance  per- 
formance of  the  two  systems,  Eqs  (25)  and  (52)  can  be  combined,  resulting 


rr  ps 


Thus,  the  reflectance  performance  of  the  PN  on-off  system  is  always 
better  than  that  of  the  single  sinusoid  system  by  a factor  of  / 2 . 

Other  Cons iderat ions . Another  basis  for  comparison  of  the  two 
systems  is  their  resolution  capabilities.  Eqs  (29)  and  (47)  can  be 
combined  to  give 


"res-PH  " “7  ^res-S 


Using  the  values  of  100  MHz  for  f end  560  MHz  for  U,  as  used  in  the 
preceding  section,  in  Eq  (69)  result  In  the  feet  that  the  resolution 
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capability  of  the  PN  system  Is  about  1.2  times  better  than  that  of  the 
sinusoid  system.  Comparison  of  the  ambiguity  intervals  of  the  two  sys- 
tems also  favors  the  PN  system.  Since  the  period  of  the  PN  code  is 
seconds,  the  ambiguity  Interval  of  the  PN  system  is  much  greater  than 
the  largest  interval  that  could  be  obtained  from  a useable  sinusoid 
system.  And,  finally,  the  implementation  comparison  favors  the  sinusoid 
system,  since  both  the  components  and  the  technology  required  to 
Implement  a PN  system  are  much  more  complex  than  those  required  for  the 
sinusoid  system. 
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V.  Extension  of  the  Modulation  Techniques  to  a 
Multiple  Source  Scanner 


In  the  past  several  chapters,  the  modulation  techniques  described 
and  analyzed  were  based  on  a scanner  system  which  contained  only  one 
laser  source.  However,  as  mentioned  previously,  when  the  scanner  system 
Is  used  with  high  performance  aircraft,  this  single  source  system  may 
not  be  adequate.  The  speed  of  such  an  aircraft  would  require  a very 
fast  scan  rate  In  order  for  the  scanner  to  cover  the  required  ground 
area  In  contiguous  strips.  A fast  scan  rate  results  In  a very  short 
dwell  time.  A short  dwell  time.  In  turn,  results  In  only  a small  amount 
of  energy  being  received  from  each  resolution  cell.  Since  both  the  range 
and  the  reflectance  performance  of  the  system  are  directly  proportional 
to  this  received  energy,  a short  dwell  time  may  result  In  a system 
performance  which  Is  unacceptable.  The  only  way  to  Improve  the  system 
In  such  a situation  Is  to  reconfigure  the  scanner  Itself  so  that  It 
consists  of  multiple  laser  sources  Instead  of  just  one. 

This  chapter  will  take  a brief  look  at  two  possible  methods  of 
setting  up  just  such  a multiple  source  scanner  system.  Emphasis  will  be 
placed  not  so  much  on  the  physical  configuration  and  related  problems, 
but  rather  on  the  modulation  techniques  which  could  be  used  In  such  a 
system.  Since  It  Is  only  a brief  look,  further  work  In  this  area  will 
be  needed  In  order  to  determine  the  feasibility  of  these  two  methods. 

Multiple  Sources  In  Parallel 

Physical  Configuration.  The  first  possible  configuration  for  a 
multiple  source  scanner  Is  one  In  which  the  laser  sources  sweep  out 
parallel,  contiguous  strips  along  the  ground  (Fig  19,  page  65).  Assuming 
that  n sources  are  being  used,  n parallel  strips  will  be  scanned  In  each 
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roCatlon  of  the  scanner.  Because  of  this,  the  scanner  can  rotate  at  a 
slower  speed  and  still  be  able  to  cover  the  entire  area.  In  fact.  It 
can  easily  be  seen  that  Its  rotation  speed  will  be  less  than  the  speed 
required  for  a single  source  system  by  a factor  of  (1/n).  However, 
because  of  this  slower  scan  rate,  the  strips  swept  out  along  the  ground 
will  not  be  perpendicular  to  the  flight  path  of  the  aircraft,  but  rather 
will  tend  to  be  more  diagonal  to  It.  The  difference  between  the  Ideal 
perpendicular  strips  and  the  actual  strips  swept  out  will  Increase  as 
the  number  of  sources  Increases.  This  may  cause  a problem  with  the 
spatial  filtering  operation  of  the  scanner  and  Is  an  area  In  which 
further  Investigation  Is  required. 
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Figure  19.  Multiple  Source  Scanner  System  using  Sources  In  Parallel 
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This  slower  scan  speed  will  also  result  In  a dwell  time  which  Is 
greater  than  the  dwell  time  of  an  equivalent  single  source  system  by  a 
factor  of  n.  This  Increased  dwell  time  In  turn  results  In  an  Increase 
In  the  received  energy  per  resolution  cell  and  a decrease  In  the  error 
variance  of  the  system,  both  also  by  a factor  of  n.  Thus,  paralleling 
of  the  laser  sources  has  accomplished  Its  goal  by  increasing  the  system 
performance  to  an  acceptable  level.  The  number  of  laser  sources  used 
will,  of  course,  depend  on  the  relationship  between  the  single-source 
dwell  time  and  the  dwell  time  required  to  achieve  an  acceptable 
performance. 

Possible  Modulation  Techniques.  In  order  to  actually  gain  the 
advantage  of  this  multiple  source  system,  the  signals  transmitted  by 
each  laser  source  must  not  interfere  with  each  other.  That  Is,  the 
receiver  electronics  associated  with  each  source  must  be  able  to  detect 
only  that  signal  transmitted  by  Its  related  source  and  reject  the 
signals  from  all  of  the  other  sources.  By  choosing  modulating  frequen- 
cies which  are  separated  far  enough  in  frequency,  the  single  sinusoid 
modulation  technique  could  easily  be  used  with  this  multiple  source 
system.  Filters  In  each  receiver  would  separate  the  signals  to  Insure 
minimum  Interference,  and  each  receiver  would  process  Its  own  sinusoid 
exactly  as  In  a single  source  system.  The  expressions  for  the  range  and 
the  reflectance  error  variances  for  each  receiver  In  this  system  can  be 
found  from  Eqs  (23)  and  (25),  respectively,  resulting  In 


and 
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where  t Is  the  dwell  time  of  the  equivalent  single  source  system.  Thus, 


factor  of  n.  It  should  be  noted  that,  since  the  value  of  f Is  different 


for  each  source,  the  corresponding  performance  characteristics,  including 


those  of  resolution  and  ambiguity,  will  also  vary  from  source  to  source 


Thus,  the  overall  range  performance  of  the  system,  as  well  as  Its  resolu- 


tion capability,  will  be  limited  by  the  lowest  frequency  used,  whereas 


the  ambiguity  Interval  of  the  system  will  be  limited  by  the  highest 


Another  of  the  modulation  techniques  analyzed,  the  FM  chirp  tech- 


nique, does  not  lend  Itself  to  a multiple  source  system  as  readily  as 


the  sinusoid  technique  does.  The  problem  with  the  chirp  technique  Is 


that  It  has  a very  wide  bandwidth.  In  order  to  avoid  Interference,  the 


various  transmitted  signals  would  have  to  be  separated  far  enough  In 


frequency  so  that  the  unwanted  signals  could  be  filtered  out  in  each 


receiver.  However,  It  was  stated  earlier  that  the  bandwidth  of  a chirp 


signal  could  easily  be  near  the  Gigahertz  region  In  order  to  obtain  the 


desired  performance.  Thus,  due  to  bandwidth  constraints  In  the 


detector.  It  %rould  be  very  difficult  to  use  two  or  more  chirp  signals  In 


a multiple  source  system 


The  final  technique  analyzed,  the  PM  on-off  system,  would  also  be 


able  to  be  used  in  a multiple  source  system.  Each  laser  source  would  be 


modulsted  with  a different  PM  code,  and  each  receiver  would  be  set  up  to 


detect  only  the  particular  code  word  being  used  by  the  corresponding 
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source.  The  code  words  can  be  chosen  such  Chat  there  %rould  be  a minimum 
amount  of  Interference  between  Chaai.  This  means  that  Che  reception  of  a 
code  word  by  a receiver  which  Is  matched  Co  a different  code  irord  would 
result  In  a fairly  low,  though  not  constant,  sldelobe  at  Che  output  of 
the  matched  filter.  This  output  would  still  peak  only  when  the  code 
word  the  receiver  is  matched  Co  Is  received  (Ref  13:  64-75).  Thus, 
although  the  matched  filter  output  would  not  have  the  constant  negative 
sldelobe  associated  with  a single  source  system.  It  nevertheless  would 
still  be  more  than  adequate  to  allow  simultaneous  operation  of  n sources 
with  little  interference. 

The  expressions  for  the  range  and  reflectance  error  variance  for 
this  PN  multiple  source  system  can  be  found  from  Eqs  (51)  and  (52), 
respectively,  resulting  In 


and 
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where  t and  p are  the  parameters  of  the  equivalent  single  source 
d 

system.  Thus,  the  error  variances  of  the  system  have  again  been  reduced 
by  the  factor  of  n.  Also,  since  all  of  the  code  words  will  have  the  same 
chip  width,  t|j,  the  resolution  of  the  system  %rlll  be  the  same  as  In  the 
single  source  scanner.  However,  since  the  dwell  time  has  been  Increased 
by  a factor  of  n,  Che  ambiguity  Interval  of  this  system  will  be  n times 
that  of  the  single  source  system. 


Multiple  Sources  In  Series 


Physical  Configuration.  The  second  possible  configuration  for  a 
multiple  source  scanner  Is  one  In  which  the  laser  sources  sweep  along 
each  strip  In  series  (Fig  20,  below).  Since  only  one  strip  Is  being 
scanned  at  a time,  the  scanner  must  rotate  at  the  same  speed  as  It  would 
In  a single  source  system.  Thus,  the  dwell  time  of  the  scanner,  as  well 
as  the  energy  received  In  each  resolution  cell.  Is  very  small.  However, 
because  of  the  series  arrangement,  a given  receiver  will  be  processing 
the  received  energy  from  a given  resolution  cell  a short  period  of  time 
after  the  receiver  Just  ahead  of  It  In  the  line  has  processed  Its 
received  energy  from  that  same  resolution  cell.  Thus,  the  performance 
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Figure  20.  Multiple  Source  Scanner  System  using  Sources  in  Series 


of  this  system  can  be  Improved  by  somehow  combining  all  of  the  energy 
received  by  each  receiver  from  a given  resolution  cell  prior  to  process- 
ing it  and  estimating  the  slant  range  and  the  reflectance  of  the  target. 
By  doing  this,  the  resulting  performance  of  the  system  will  depend  on 
the  total  energy  received  from  all  of  the  sources  rather  than  just  that 
received  from  each  source  individually. 

Since  only  one  strip  of  ground  is  being  scanned  at  a time,  the 
strips  will  be  nearly  perpendicular  to  the  flight  path  of  the  aircraft, 
thus  eliminating  the  spatial  filtering  problem  mentioned  in  the  preceding 
section.  However,  since  the  bandwidth  of  the  spatial  information  is 
inversely  proportional  to  the  dwell  time,  the  very  short  dwell  time  of 
this  configuration  will  result  in  a much  larger  spatial  bandwidth  than 
in  the  parallel  system. 

In  order  to  achieve  the  benefits  of  this  multiple  source  system, 
the  signals  used  to  modulate  the  lasers  not  only  must  not  interfere  with 
one  another,  but  also  must  be  capable  of  being  added  together  such  that 
the  energy  of  the  resultant  signal  is  equal  to  the  sum  of  the  energies 
of  all  of  the  individual  signals.  If  this  latter  condition  does  not 
hold,  the  full  potential  of  the  system  will  not  be  realized. 

Possible  Modulation  Techniques.  In  determining  which  of  the  various 
modulation  techniques  could  be  used  with  this  system,  the  FM  chirp  tech- 
nique can  be  inmiedlately  eliminated.  Since  the  modulating  signals  must 
not  interfere  with  one  another,  the  FM  chirp  technique  is  not  feasible, 
as  explained  in  the  preceding  section.  The  single  sinusoid  system  is 
not  quite  as  easy.  It  is  not  immediately  apparent  that  a sinusoid 
system  consisting  of  several  different  modulating  frequencies  can  be 
configured  such  that  the  received  signals  could  be  combined  as  required. 
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However,  due  to  a lack  of  time,  not  enough  effort  was  expended  toward 
this  goal  to  be  able  to  say  that  it  cannot  be  done.  Thus,  this  remains 
an  open  topic  for  further  study. 

The  final  modulation  technique,  that  of  the  PN  on-off  system,  could 
be  used  with  this  type  of  multiple  source  scanner.  Each  laser  source 
would  be  modulated  with  a different  PN  code  word,  as  explained  previously. 
Thus,  each  receiver  would  be  matched  to  a particular  code  word  and  would 
process  the  received  signal  through  the  delay  llne-sinmier  network  as  In 
a single  source  system  (Fig  21,  page  72).  However,  Instead  of  routing 
the  output  of  this  network  Into  a matched  filter.  It  would  be  sent  Into 
another  delay  line.  In  this  delay  line,  the  time  delay  between  taps 
would  be  equal  to  the  time  difference  between  two  adjacent  laser  sources 
scanning  the  same  resolution  cell.  Thus,  at  the  output  of  the  delay 
line,  the  signals  received  by  each  receiver  from  the  same  resolution 
cell  will  have  added  together,  resulting  In  a single  pulse  of  width  tQ 
seconds  and  amplitude  n times  the  amplitude  of  the  Individual  pulses, 
where  n Is  the  number  of  sources  being  used  In  the  system.  This  single 
pulse  would  then  be  sent  through  a matched  filter,  and  the  output  would 
be  proportional  to  the  total  energy  received  from  that  resolution  cell, 
rather  than  Just  the  energy  received  by  one  of  the  receivers. 

The  expressions  for  the  range  and  reflectance  error  variances  for 
this  system  can  again  be  found  from  Eqs  (51)  and  (52),  respectively, 
resulting  In  the  same  expressions  found  for  the  parallel  source  system: 
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Figure  21.  Receiver  Configuration  for  a Series  Multiple 
Source  System  using  PN  Coding 
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Thus,  the  performance  of  this  multiple  source  system  has  been  Improved 
by  the  same  factor  of  n as  In  the  parallel  source  system,  only  this  time 
the  Improvement  Is  due  to  the  summing  of  the  received  signals  rather 
than  to  the  lengthening  of  the  dwell  time.  Also,  for  this  system  both 
the  resolution  and  the  ambiguity  Interval  are  the  same  as  In  a single 
source  scanner. 


VI.  Conclusions  and  Recommendations 


Now  that  all  of  the  analyses  and  comparisons  have  been  completed. 

It  Is  time  to  look  at  the  results  and  to  try  and  draw  some  conclusions 
from  them.  This  chapter  will  attempt  to  do  just  that,  by  first  present- 
ing some  general  conclusions  and  then  by  making  several  recommendations 
for  future  work  In  this  area. 

Conclusions 

The  main  purpose  of  this  study  was  to  Investigate  various  methods 
of  modulating  a peak-power  limited  laser  and  to  analyze  the  performance 
characteristics  of  each  technique.  This  objective  was  accomplished  by 
analyzing  four  different  techniques  which  appeared  to  be  the  most 
promising  possibilities.  In  addition,  these  four  techniques  were 
compared  to  one  another  on  the  basis  of  their  computed  performance. 
Although  the  next  logical  step  Is  to  choose  the  best  technique  based  on 
these  comparisons.  It  cannot  be  stated  that  one  technique  Is  always 
superior  to  the  others  unless  specific  ground  rules  are  first  laid  down 
concerning  the  acceptable  level  of  ambiguity  and  the  available  detector 
bandwidth. 

Even  though  such  a definite  conclusion  cannot  be  made,  several 
general  conclusions  can  be  reached  from  this  study.  To  begin  with.  It 
appears  that  the  single  sinusoid  system,  the  FH  chirp  system,  and  the 
PN  on-off  system  arc  all  feasible  for  use  with  a single  source  scanner. 
However,  problems  concerning  the  actual  modulation  of  the  laser  would 

have  to  be  investigated  before  either  the  FM  chirp  or  the  FN  systems 
could  be  Implemented. 

In  addition.  If  Che  mein  goal  of  the  system  Is  simplicity  and  cost- 
effectiveness  and  If  the  short  ambiguity  Interval  is  not  a problem,  then 
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the  single  sinusoid  system  appears  to  be  the  preferred  technique.  How- 
ever, If  the  ambiguity  Interval  Is  Indeed  a major  consideration,  then  the 
PN  system  Is  the  system  to  use.  Although  the  chirp  system  Is  also  feasi- 
ble In  this  case.  It  would  require  a greater  detector  bandwidth  for  the 
same  performance  and  thus  would  not  have  much  of  an  advantage  over  the 
PN  system.  Since  the  PN  system,  as  well  as  the  chirp  system,  trades 
bandwidth  for  performance,  using  It  In  place  of  the  single  sinusoid 
system  places  a much  more  stringent  requirement  on  the  bandwidth  of  all 
of  the  system  components,  especially  on  the  power  detector.  However, 
since  Its  ambiguity  Interval  Is  dependent  only  on  the  dwell  time  of  the 
scanner,  and  since  Its  performance  Improves  as  Its  bandwidth  Increases, 
the  PN  system  Is  definitely  the  one  to  use  If  the  required  bandwidth  Is 
available. 

These  same  conclusions  can  be  easily  extended  to  the  case  of  a 
multiple  source  scanner.  Although  both  the  sinusoid  system  and  the  PN 
system  arc  feasible  with  a multiple  source  scanner,  the  one  to  use  will 
rea^l-Z  depend  on  the  system  requirements;  namely,  what  kind  of  ambiguity 
can  be  tolerated,  how  large  a bandwidth  Is  available,  and  how  Is  the 
multiple  source  scanner  configured.  However,  once  again.  If  the  band- 
width is  available  and  If  the  additional  equipment  complexity  Is  justified, 
tha  ra  system  appears  to  be  the  system  to  use. 

aeceMwmdettoos 

•seed  am  the  conclusions  stated  above,  the  first  recommendation  for 
■ ary her  merk  la  this  area  Is  for  a detailed  study  to  examine  the  problems 
•Mieert  la  Che  Implementation  of  a PN  coded  laser  scanner  system.  This 
. ds*  asa  eeaipmad  Co  he  mainly  a theoretical  study  and,  as  such,  has 
• <•  heCmfly  eC  the  prsetlcal  problsaw  Involved  In  such  an 
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Implementation.  As  a part  of  this  new  study,  efforts  should  be  made  to 
determine  at  how  high  a rate  a semiconductor  laser  can  be  modulated,  since 
this  Is  really  the  key  Issue  In  using  a PN  system. 

In  addition  to  the  PN  study,  there  are  two  portions  of  this  study 
which  should  be  expanded.  The  first  expansion  Is  to  determine  the 
effect  of  the  spatial  filtering  operation  of  the  scanner  on  the  wideband 
transmitted  signal  In  both  the  FM  chirp  and  the  PN  systems.  The  second 
one  Is  to  expand  that  portion  which  deals  with  a multiple  source  scanner. 
In  particular,  the  two  configurations  described,  as  well  as  any  other 
promising  configurations,  should  be  examined  In  more  detail  In  order  to 
analyze  the  problems  that  would  be  encountered  In  each  system  and  to 
determine  which  one  would  be  the  best  one  to  use. 

The  final  recommendation  for  further  work  Is  to  continue  the  main 
theme  of  this  study  by  analyzing  additional  methods  of  modulating  the 
laser.  Although  the  four  techniques  analyzed  In  this  study  appear  to 
be  the  most  promising  techniques,  they  are  not  the  only  possibilities. 
Additional  techniques  exist,  especially  In  the  area  of  coded  waveforms 
and  nonlinear  FM  waveforms,  and  should  be  analyzed  and  compared  to  the 
techniques  described  In  this  study. 
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Appendix  A 

Leading-Edge  Derivation  of  the  Range-Error  Variance  for  an  FM  Chirp  System 

In  Chapter  II,  It  was  stated  that  In  order  to  use  the  Cramer-Rao 
lower  bound  for  the  range  error  variance,  the  noise  must  be  Gaussian.  It 
was  also  stated  that  the  range  error  variance  could  be  derived  using  a 
leading-edge  analysis  which  does  not  require  the  assumption  of  Gaussian 
noise.  This  appendix  will  present  a description  of  this  leading-edge 
analysis  for  the  FM  chirp  waveform,  and  will  compare  the  variance  obtained 
with  that  obtained  using  the  Cramer-Rao  expression. 

The  output  of  the  compression  filter  In  the  FM  chirp  receiver  has 

the  form  of  a sin  x/x  pulse  (Fig  22,  below).  The  width  of  the  malnlobe 

of  this  pulse  Is  2/Af,  where  Af  Is  the  frequency  deviation  of  the  chirp 

pulse.  In  order  to  generate  a range  estimate,  this  output  Is  sent  through 

a detector  which  marks  the  Instant  of  time  that  the  output  exceeds  a 

predetermined  threshold.  The  time  delay  thus  measured  Is  then  easily 
converted  to  the  desired  slant  range  estimate. 
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Figure  22.  Output  Waveform  of  the  Compression  Filter  In  an 

FM  Chirp  System 


The  effect  of  additive  noise  in  the  output  signal  is  to  cause  the 
output  to  exceed  the  threshold  either  sooner  than  it  should  or  later. 
Thus,  the  time  measurement  of  the  detector  is  in  error  by  some  Increment 
of  time.  At  seconds.  The  magnitude  of  this  time  error  is  dependent  both 
on  the  noise  power  at  the  filter  output  and  on  the  slope  of  the  noise 
corrupted  waveform  in  the  vicinity  of  the  threshold.  Assuming  that  Che 
noise  at  the  filter  output  is  slowly  varying  in  relation  to  the  signal, 
and  that  the  slgnal-to-nolse  ratio  is  much  greater  than  one.  the  slope  of 
the  noise-corrupted  output  is  approximately  the  same  as  that  of  the 
uncorrupted  signal  output.  Therefore,  the  first  item  needed  for  this 
analysis  is  an  expression  for  the  slope  of  the  signal  waveform  in  the 
vicinity  of  the  threshold.  This  slope  can  be  adequately  approximated 
by  the  slope  of  a straight  line  from  the  edge  of  the  malnlobe  to  its 
half-power  point.  After  a little  algebra,  this  slope  is  calculated  to 
be 


S - 1.3EAf  (7A) 

u 

where  E,  the  energy  of  the  signal  at  the  input  to  the  filter,  is  the 
peak  value  of  the  filter  output. 

The  differential  change  in  the  waveform  caused  by  the  noise  can 
now  be  equated  to  Eq  (74),  resulting  in 

■;^-1.3EAf  (75) 

At 

where  a and  At  are  the  root-mean-square  (rms)  values  of  the  noise  power 
and  the  time  error,  respectively.  Rearranging  Eq  (75)  leads  to  an 
expression  for  the  rms  time  error: 


1.3EAf 


Eq  (76)  can  be  changed  to  an  rma  range  error  by  using  the  relation 


Ar  - ^ At 
2 


which  results  In 


2.6  EAf 


Assuming  that  the  noise  at  the  Input  to  the  filter  Is  white,  with  a 
double-sided  power  spectral  density  of  Ng/2  watts/Hs,  the  variance  of  the 
noise  at  the  output  of  the  filter  can  be  found  by  Integrating  the  noise 
power  spectral  density  at  the  output. 


“ T / |u(f)|2df 


where  U(f)  Is  the  frequency  response  of  the  filter.  Hotrever,  since  the 
filter  Is  matched  to  the  FM  chirp  pulse,  the  Integral  In  Eq  (79)  Is  just 


the  energy  In  the  signal.  Thus, 


2.6  EAf 


Simplifying  Eq  (81)  and  substituting  in  the  value  of  E given  by  Eq  (34) 
results  in 


81 


[>.  ypH---  


l-3AfP,R/T7 


Thus,  the  variance  of  the  range  error  Is  just  the  square  of  Eq  (82): 


a 2 

r 1.69  Af2p  2r2, 
a d 


Comparison  of  the  error  variance  derived  above  and  the  one  derived 
by  means  of  the  Cramer-*Rao  bound  can  be  easily  accomplished  by  combining 
Eqs  (36)  and  (83).  The  result  Is 


“ 1.9  a. 


where  o ^ and  a ^ are  the  error  variances  obtained  by  the  leading- 
irCR 

edge  analysis  and  the  Cramer-Rao  method,  respectively.  As  can  be  seen, 
the  leading-edge  variance  Is  higher  than  the  Cramer-Rao  variance  by  a 
factor  of  approximately  1.9.  In  terms  of  standard  deviations.  It  Is 
higher  by  a factor  of  about  1.4.  Thus,  although  the  assumption  of 
Gaussian  noise  results  In  a lower  value  for  the  error  variance,  elimina- 
tion of  this  assumption  does  not  significantly  alter  the  value  of  the 
variance. 
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Derivation  of  the  Mean-Squared  Bandwidth  for  a Pseudonolse-Coded  System 


The  purpose  of  this  appendix  Is  to  derive  the  expression  for  the 


mean-squared  bandwidth  of  a pseudonoise  (PM)  coded  binary  waveform  (Fig 


13,  page  41) . From  Eq  (3) , the  expression  for  this  bandwidth  Is 


4tt2  f2|u(f)12df 


where  |U(f)|  Is  the  magnitude  of  the  frequency  spectrum  of  the  binary 
waveform.  Eq  (3)  can  be  written  In  terms  of  radian  frequencies  as 


0)2 1 U (u)  1 2du 


T |U(u)  1 ^do) 

■nOO 


where  oi  Is  the  frequency  In  radlans/sec 


Since  u(t)  Is  a periodic  function,  the  power  density  spectrum  of 


u(t),  denoted  by  S (u).  Is  related  to  the  Fourier  transform  of  the  signal 


D(o>),  by  the  equation  (Ref  14:  137) 


Eq  (85)  can  now  be  written  In  terms  of  the  power  density  spectrum  as 


However,  one  of  the  characteristics  of  a power  density  spectrum  is  that 


f S (a))da>  - P 

2n  -OD  u 


where  P Is  the  average  power  In  the  signal  (Ref  14:  132).  Therefore, 


Eq  (87)  can  be  written  as 


, ?(i»2s  (ui)du) 

g2  . rS» H 

2itP 


The  value  of  the  average  power,  P,  can  be  found  from  the  binary 
waveform,  u(t).  Since  this  waveform  alternates  between  ±1  and  has  a 
period  of  pt.  seconds.  Its  average  power  Is 


/ u2(t)dt 


Thus,  Eq  (89)  can  be  further  simplified  to 


ft2  m i / (iJ^S  (a))d(u 
^ u 

2if 


The  next  step  In  the  derivation  Is  to  use  the  expression  for  the 
power  spectral  density  of  a PN  waveform  which  Is  given  by  the  equation 
(Ref  15:  76) 


S (u)  ■ S (w)  m 
u PN 


Cp‘)(= 


\2 


£ 6 
n*-«» 
n^O 


^ A. 
\ P"o ) p2 


6((i»)  (92) 


where  <(u)  is  the  Dirac  delta  function,  or  Impulse  function  (Ref  14:  46- 

49).  Since  the  waveform  is  periodic,  this  spectrum  consists  of  discrete 
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spectral  lines  which  are  separated  by  2ir/ptg  radlans/sec  (Fig  23,  page 
86).  Substituting  Eq  (92)  In  Eq  (91)  results  in 


The  last  Integral  In  Eq  (93)  Is  zero  due  to  the  sifting  property  of  the 
delta  function  (Ref  14:  51).  Also,  the  Infinite  sum  In  the  first  Integral 

can  be  simplified  by  noting  that  the  envelope  of  the  spectrum  Is  a 
(sin  x/x)^  function.  Assuming  that  the  significant  portion  of  this  enve- 
lope extends  out  to  the  second  zero  crossing  on  each  side  of  the  spectrum, 
the  limits  on  the  infinite  sum  can  be  correspondingly  reduced,  resulting 
In 


Interchanging  the  order  of  Integration  and  summation,  and  Integrating  each 
term  In  the  sum  by  use  of  the  sifting  property  of  the  delta  function 
results  in 


Further  algebraic  reduction  reduces  Eq  (95)  to 


(95) 
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Figure  23.  Power  Spectral  Density  of  a PN  Waveform  (from  Ref  15:  77) 


nf^O 

Symmetry  of  the  sln^(x)  function  reduces  Eq(96)  to 

g2  . i sln^/ia  ] (97) 

’'P  ^0^  n-1  Vp  / 

Fortunately,  the  sum  In  Eq  (97)  has  been  tabulated  (Ref  16:  30). 

Using  this  tabulation,  Eq  (97)  can  be  reduced  to  the  final  expression 
for  the  mean-squared  bandwidth: 

g2  . 4 (p  + 1)  (98) 

’'PV 

Thus,  It  can  be  seen  that  6^  Is  dependent  on  both  the  length  of  the  code 


p,  and  the  chip  width,  t^j.  However,  since  p and  (p  + 1)  pretty  much 
cancel  each  other  out,  the  only  significant  variable  in  the  equation  is 
tjj.  As  the  chip  width  of  the  code  is  decreased,  the  significant  portion 
of  the  frequency  spectrum  of  the  code  is  increased,  thus  also  increasing 
the  value  of  the  mean-squared  bandwidth. 
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Leading-Edge  Derivation  of  the  Range-Error  Variance 
for  a^  Pseudonoise  Coded  System 

The  purpose  of  this  appendix  Is  to  derive  an  expression  for  the  range 
error  variance  of  a pseudonoise  (PN)  coded  system,  and  to  compare  this 
variance  with  the  one  obtained  by  using  the  Cramer-Rao  lower  bound.  The 
derivation  will  follow  the  same  general  line  of  reasoning  used  In  the 
derivation  of  the  error  variance  for  the  FM  chirp  system  described  In 
Appendix  A. 

The  output  of  the  subpulse  matched  filter  has  a triangular-shaped 
envelope  In  the  absence  of  noise  (Fig  24,  page  89).  Since  the  output  has 
a total  width  of  2tQ  seconds  and  a peak  value  equivalent  to  the  energy, 

E,  In  the  received  signal,  the  slope  of  this  output  signal  Is  found  to  be 

S - JL  (99) 

“ t„ 


The  differential  change  In  the  waveform  caused  by  the  noise  can  be 
equated  to  Eq  (99),  resulting  In 


(100) 


where  a and  At  are  again  the  root-mean-square  (rms)  values  of  the  noise 
and  the  time  error,  respectively.  Rearranging  Eq  (100)  results  In 


ot- 

At  - — 2.  (101) 

E 

Using  the  value  for  given  by  Eq  (80), 
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results  In 


(102) 


Substituting  Eq  (102)  into  the  relation  between  time  error  and  range 


error  given  by  Eq  (79)  results  In 


(103) 


Substituting  In  the  value  of  E given  by  Eq  (42)  and  squaring  the  result 


gives  the  final  expression  for  the  range  variance: 


2 . "O  "o 


(104) 


(80) 
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Figure  24.  Output  Waveform  of  the  Matched  Filter  In  a PN  Coded  System 
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The  final  step  Is  to  compare  the  error  variance  derived  above  with 
the  variance  derived  using  the  Cramer>Rao  bound.  This  latter  variance, 
given  by  Eq  (44),  can  be  combined  with  Eq’  (104),  resulting  In 


t 


0 2 » 1.3a  2 

rLE  rCR 


(105) 


^rLE^  °rCR^  variances  obtained  by  the  leading- 

edge  and  the  Cramer-Rao  methods,  respectively.  As  can  be  seen,  the 
leading-edge  variance  Is  higher  than  the  Cramer-Rao  variance  by  a factor 
of  approximately  1.3.  In  terms  of  standard  deviations,  the  difference 
Is  only  a factor  of  about  1.1.  Thus,  for  the  case  of  the  PN  coded 
®y*^***  «ll*ln«tlng  the  assumption  of  Gaussian  noise  makes  very  little 
difference  In  the  resulting  range  error  variance. 
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Z4.  abstract  fCanaSma  an  faaaraa  mUm  II  naaaaaaqr  an4  IBanHIY  br  Mae*  nuaitaO 

The  parforaance  of  an  airborne  laser  terrain  aapper,  which  aeasures  both 
slant  range  and  reflectance,  depends  on  the  nethod  used  to  aodulate  the  output 
power  of  the  laser.  This  study  analyses  four  possible  eodulatlon  techniques  for 
a direct-detection  scanner  which  utilises  a sealconductor  laser. 


Target  Cueing 
Target  Acquisition 
Terrain  Mapping 


Laser  Line  Scanner 
Laser  Rangefinders 


The  first  technique  is  sinusoidal  aodulation  of  the  laser  output.  Range 
perforaance  is  found  to  laprove  as  the  frequency  of  the  aodulatlng  sinusoid  is 
increased.  The  second  technique  aodulates  the  laser  output  with  a subcarrier 
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vfalch  is  a periodic  TM  chirp  pulse.  Range  perforaance  iaprovcs  as  the  frequency 
deviation  of  the  chirp  is  increased.  However,  this  also  Increases  the  required 
detector  bandwidth.  The  third  technique  aodulates  the  laser  with  a subcarrier 
which  is  phase-modulated  by  a periodic  pseudonoise  (PN)  code.  Although  range 
perforaance  improves  as  the  chip  width  of  the  code  is  decreased,  this  again 
requires  Increased  bandwidth.  The  final  technique  modulates  the  laser  output 
directly  with  a PN  code,  the  output  being  either  on  or  off.  Range  performance 
again  depends  on  the  chip  width,  and  improved  performance  again  requires  larger 
bandwidths.  Comparisons  of  these  techniques  shows  that  the  PN  on-off  method 
is  preferred  if  sufficient  bandwidth  is  available.  TVo  configurations  for  a 
multiple-source  scanner  are  also  proposed.  It  is  shown  that  both  the  sinusoid 
and  the  PN  on-off  methods  are  compatible  with  such  a scanner. 
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